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Abstract

Classical Molecular Dynamics (CMD) simulations via EAM potentials have showed to be a
powerful tool to simulate and understand liquid metals and alloys, in our particular case, Li and
Pb. Our results prove the validity of these potentials and provide useful structural and
thermodynamic data in conditions of interest to Nuclear Fusion technology. Reported figures
are in agreement with experimental results available in the literature. In addition, our work
represents a base methodology for the extrapolation of liquid Pb and Li properties into regions
of temperature and composition where direct experimental measurements either do not exist, or
are not accessible. Moreover, we have tested that our particular choice constitutes a solid base
for the development of a future PbLi alloy potential.
The main results presented in Chapter 4 have been recently published in Journal of Nuclear
Materials (Fraile 2013).
In addition our results prove the validity of these potentials and provide useful structural and
thermodynamic data under high pressures (up to 5 or 10 GPa). Reported figures are in
agreement with experimental or ab initio calculation results available in the literature up to
certain limits. In addition, our work represents a base methodology for the extrapolation of
liquid Pb and Li properties into regions of temperature and pressures where direct experimental
measurements either do not exist, or are not accessible. In general, both potentials are realistic
up to pressures around half the bulk modulus of the solid material. Structural properties can be
well modeled with EAM potentials. Thermodynamic properties are much more difficult to
match. For a realistic study of liquid under pressure ZBL modification of short range part of pair
potentials is strongly encouraged.

As main goal of this Thesis we have developed a new LiPb interatomic potential. Our MD
simulations gave good match of many structural, thermodynamic and dynamic properties
around the eutectic concentration. This is not so difficult to accomplish and different potentials
can lead to very similar structural properties but different thermodynamic ones so a careful
examination of different physical properties is mandatory.
Higher Li concentrations showed more difficult to describe by a simple EAM/alloy potential
due to possible charge transfer between Li and Pb ions. The difference observed between
calculated structural properties compared with experiments can be explained in terms of the
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Batia-Thorton theory. The main results described in that chapter will be submitted probably to
Physical Review B.
A realistic interatomic potential like the proposed one would be useful to simulate several
problems of scientific and technological interest like solidification process and the study of
cooling ratio effect in the solid structure of the alloy, determination of the optimal composition
for eutectic behavior etc.
Introduction of a third kind of atom (He and/or H) in the system is being studied. This, for
example, will permit to study the solubility of tritium (or helium) in LiPb eutectic alloy in silico.

In Chapter 7 we have shown that H diffusion in liquid metals seems to be not as simple as a
classical molecular dynamics study suggest. In an oversimplified point of view the mail results
point to some simple kinetic behavior of H diffusion in our MD simulations, i.e. H diffusivity
values are given by the host metal self diffusivity multiplied by some mass ratio factor.
However, the diffusional properties of H in metals is likely to be influenced, or even controlled,
by quantum and tunneling effects since H is the lightest of all elements.
The main results were presented in the recent TNT 2012 (Trends on Nanotechnology
International Congress) in Madrid, in an oral presentation.

And to conclude, we have determined some elementary properties of He in Pb and Li by ab
initio calculations. The most stable configuration for He in interstitial configuration is the
substitutional one both in fcc Pb and bcc Li. For Lithium both tetrahedral and octahedral
interstitial are similar energetically. For Pb the octahedral position is slightly favoured. Our
spin-orbit coupling calculations suggest that the magnetism in fcc Pb affects the formation
energy of He interstitials but does not alter their relative stabilities. Charge transfer and
hybridization effects are being carefully examined.

The simulations presented in this chapter are the first step to develop a ternary interatomic
potential for LiPb+He CMD simulations. He interaction with both Li and Pb will be mainly
repulsive as expected. However taking into account spin orbit coupling in the Pb simulations
will give a different set of forces leading ultimately to a different potential.

20

Resumen

La presente tesis comprende un estudio de metales líquidos, Li, Pb y eutéctico Li17Pb
en el ámbito de la tecnología de fusión nuclear. Uno de los problemas fundamentales en futuros
reactores de fusión es la producción y extracción de tritio (T) en la denominada envoltura
regeneradora (blanket en inglés). Dicho blanket tendrá dos propósitos, la extracción del calor
generado por las reacciones de fusión para su posterior conversión en energía eléctrica así como
la producción de T para realimentar el proceso. Dicha producción se realizará mediante el
“splitting” del Li con los neutrones provenientes de la fusión. Esta reacción produce T y helio
(He) por lo que la interacción del T y el He con el metal líquido, con los materiales estructurales
así como la interaccion del T con el He en forma de burbujas es un problema fundamental aun
no bien entendido y de gran importancia para futuros diseños.
Los capítulos 1, 2 y 3 presentan una introducción a dichos problemas. El capítulo 1 introduce al
lector en la tecnología de fusión nuclear. El segundo capítulo explica en mayor detalle el uso de
metales líquidos en reactores de fusión, no solo en blankets sino también como primera pared,
divertor etc, lo que se denomina en general “plasma facing materials”. Por último se ofrece una
breve introducción a las técnicas de dinámica molecular clásica (CMD) y un breve resumen de
los potenciales más usados.
El estudio se ha llevado a cabo utilizando simulación atomística mediante potenciales semiempíricos del tipo átomo embebido (EAM). La Tesis consta de 4 partes bien definidas.
En primer lugar se verificó la idoneidad de los potenciales tipo EAM para simular las
propiedades de los metales Li y Pb en fase líquida. Dicho estudio se detalla en el Capítulo 4 y
en su extensión, el Apéndice 1, en el que se estudia los límites de validez de esta aproximación.
Los resultados de dicho estudio han sido publicados y presentados en diversos congresos
internacionales. Un resumen de la metodología seguida fue publicado como capítulo de libro en
Technofusión 2011. Los resultados se presentaron en diversos congresos internacionales, entre
ellos ICENES 2011, (Artículo en ICENES Proceedings), ICOPS-SOFE 2011, en una
presentación oral etc.
El trabajo ha sido aceptado recientemente en Journal of Nuclear Materiales (Fraile et al 2013).
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La segunda parte y más importante comprende el desarrollo de un potencial para el estudio de la
mezcla de ambos metales. Éste es el trabajo más novedoso e importante dado que no existía en
la literatura un potencial semejante. Se estudiaron dos aproximaciones distintas al problema, un
potencial tipo EAM/cd y un potencial EAM/alloy. Ambos potenciales dan resultados
satisfactorios para la simulación del eutéctico (y concentraciones de Li menores que el 17%).
Sin embargo el sistema LiPb en todas las concentraciones es un sistema que se aparta
enormemente de una solución ideal y dicho potencial no daba buenos resultados para mezclas
PbLi con concentraciones de Li grandes. Este problema fue solventado mediante el desarrollo
de un segundo potencial, tipo EAM/alloy (segunda parte del Capítulo 5).
Dicho trabajo será enviado a Physical Review B, y una extensión junto con un estudio detallado
de las propiedades del eutéctico de acuerdo con nuestras simulaciones será publicada a
continuación.
En tercer lugar se estudió el problema de la difusividad del H en metales líquidos aprovechando
distintos potenciales existentes en la literatura. El problema del H en metales líquidos es
importante no solo en metalurgia sino también en geofísica. En dicho capítulo se estudió la
difusividad del H en Pd, Ni y Al con potenciales tipo EAM, y también con un potencial más
sofisticado que tiene en cuenta la dependencia angular de las interacciones (ADP por sus siglas
en inglés). De este modo disponemos de un estudio detallado del problema con diferentes
modelos y diferentes metales. La conclusión apunta a que si se compara con los resultados
experimentales (muy escasos) los resultados obtenidos mediante CMD dan valores bajos de la
difusividad del H. Las razones de dicho desacuerdo entre simulación y experimentos se detallan
en el Capítulo 6.
Este estudio ha sido presentado en una presentación oral en el reciente congreso internacional
“Trends on Nanothecnology” TNT 2012 celebrado en Madrid. El trabajo será publicado en un
futuro próximo.
Por último, como se dijo anteriormente, el estudio del He, la formación de burbujas en metales
líquidos, su difusión nucleación y cavitación es otro problema deseable de ser estudiado
mediante técnicas atomísticas. Para ello es necesario el desarrollo de diversos potenciales, HeLi, He-Pb y un potencial ternario Pb-Li-He. Para ello se han realizado simulación ab initio de
los sistemas Pb+He y Li+He. Dicho estudio pretende calcular las fuerzas entre los átomos del
metal (Pb o Li) con intersticiales de He. De este modo aplicaremos el “force matching method”
(FMM) para el desarrollo de dichos potenciales.
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En el Capítulo 7 se detallan los resultados obtenidos referidos a las posiciones más favorables
de las impurezas de He dentro de redes cristalinas de Pb y Li así como el efecto de tener en
cuenta el acoplo spin-orbita (SOC en inglés). El análisis de los resultados en términos de
transferencia de carga y análisis de las densidades electrónicas, así como la creación de los
potenciales mencionados está en progreso.

En conjunto la tesis presenta un estudio de los diversos problemas relacionados con el uso de
metales líquidos en reactores de fusión y representa un primer paso en la determinación de
parámetros de gran importancia para el diseño de blankets y sistemas de primera pared. Con la
simulación MD de dichos problemas mediante, importante, potenciales realistas, valores de
difusión, solubilidad etc de especies ligeras, H (o sus isotopos) y He en metales líquidos podrá
ser calculada complementando así la base de datos que presenta enormes incertidumbres.
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(taken from (Mas de les Valls 2008)).
Fig. 2.10. Mechanisms of the pressure wave mitigation by bubbling (Futakawa 2008).

Chapter 3: Molecular Dynamics in short
Fig. 3.1. A general flow chart for molecular dynamics simulation. Up-right corner shows an initial
sample of LiPb (B2 phase). Down-right corner shows the sample in liquid phase.
Fig. 3.2. Computer CPU time (in seconds) with two different integrators in different simulation stages
(from left to right; NVE, Berendsen heating and final equilibration with N-H thermostat).
Fig. 3.3. Comparison of two different algorithms (black and green lines rESPA and red and blue ones to
Verlet) in a MD run simulating the heating of a Pb sample with two different EAM potentials ((Pb) Zhou
2001) and ((Pb-Cu) Hoyt 2003).
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Fig. 3.4. Illustration of periodic boundary conditions in 3D.
Fig. 3.5. Pair interatomic potential, V(r) vs interatomic distance. Two distinct regimes depending on the
distance are shown, repulsion (due to Pauli principle) and dipole-dipole attraction.
Fig. 3.6. Schematic relation of some physical properties with the interatomic potential.
Fig. 3.7: Universal screening potential (ZBL) and other approximations. Figure taken from
http://www.iue.tuwien.ac.at/phd/wittmann/node8.html

Chapter 4: Atomistic molecular point of view for liquid lead and lithium

Fig. 4.1. Pair potentials for Pb and Li following references (Zhou 2001, Belaschenko 20011).
Fig. 4.2. Energy (in eV/at) of pure elements Pb and Li (in fcc and bcc structures respectively) vs lattice
parameter, a0. The minimum corresponds to the cohesive energy. The experimental values of cohesive
energy y-axis and lattice parameter (x-axis) are represented by triangles.
Fig. 4.3.Left) Melting of Pb using Lindemann criterion; Tm(Pb) = 0.114 eV/at /8.61710e5 eV/K  1322
K. Experimental melting point is 600 K. Right) Same calculation for Li; Tm(Li) = 0.04 eV/at / 8.61710e5
eV/K)  464 K. Experimental melting point is 453 K.
Fig. 4.4. Lithium g(r) calculated (red circles) compared with experimental results (black squares) at T=
460 and 520 K. In both cases an excellent agreement between MD simulation – experiment in the radial
distribution of the liquid phase is obtained. (Experimental data from (Waseda 1980)).
Fig. 4.5. Lead g(r) calculated (red circles) compared with experimental results (black squares)
temperature ranging from T = 610 K to T = 1170 K. (Experimental data from (Waseda 1980)).
Fig. 4.6. Lithium S(q) calculated (circles) compared with experimental results (triangles) at T = 460 and
520 K. (Experimental data from [Waseda website]).
Fig. 4.7. Lead S(q) calculated (circles) compared with experimental results (triangles) at temperatures
ranging from 610 to 1120 K. (Experimental data from [Waseda web]).
Fig. 4.8. Enthalpy, H, in eV/at, for both Pb and Li calculated in a MD run. The jump in H corresponds to
the melting of the sample, but not with the melting temperature.
Fig. 4.9. Volume, V, in cm3/mole, for both Pb (black) and Li (red) calculated in a MD run. The jump in V
corresponds to the melting of the sample, but not with the melting temperature.
Fig. 4.10. Schematic representation of switching Hamiltonian technique in solid phase.
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Fig. 4.11. Schematic representation of switching Hamiltonian technique in liquid phase.
Fig. 4.12. Liquid runs. Left), liquid switch vs λ, right), volume expansion vs density. Three different
potentials are used. Results in liquid switch are almost potential independent.
Fig. 4.13. Free energies vs temperature for pure Li (up) and Pb (down) in solid (black lines) and liquid
(red lines) phase. Crossing point of both correspond toTm. The blue dashed lines are a guide to the eye.
Fig. 4.14. Reciprocal of Pb magnetic susceptibility versus temperature during cooling process (Hou 2006).
Fig. 4.15. Left) Wendt Abraham parameter, RWA, vs temperature in liquid Pb. Red line represents a linear
fit and dashed line is a guide to the eye. Right) Translational order parameter vs temperature in liquid Pb.

Chapter 5: LiPb interatomic potential

Fig. 5.1. Experimental phase diagram for LiPb system (Okamoto 1993).
Fig. 5.2. Minimum in the total energy (y axis) for lead (left) and lithium (right) calculated from original
EAM potentials (Zhou 2001, Belashchenko 2009), x axis is distance in Å.
Fig. 5.3. Left) Experimental partial enthalpy of Li and the integral enthalpy of mixing for the Li-Pb liquid
alloys (Gasior 2001) at 800 K. Right) Measured heat of formation ΔH (Ruppersberg 1976) and electrongas contribution ΔHeg at T = l000 K (Hafner 1984).
Fig. 5.4. EAM potentials. Pair potentials vs interatomic distance in Å.
Fig. 5.5. Contribution of the embedding function to the enthalpy of mixing of LiPb alloys. Ideally it
should be exactly zero.
Fig. 5.6: Left) Calculated ΔH at T = 800 K compared with experimental data (Gasior 2001). Right) 5.7:
Calculated ΔH at T = 1000K compared with experimental data (Ruppersberg 1976).
Fig. 5.7. Left) Targets for LiPb EAM/cd potentials. Right) Polynomials obtained with the targets shown
in left picture.
Fig. 5.8 Calculated enthalpy of Li17Pb from two different MD simulations. (Black squares 2048 atoms,
red circles 13500). Blue arrow signals the enthalpy jump at melting.
Fig. 5.9: Calculated heat capacity of liquid Li17Pb using different potentials compared to experimental
data (Mas de les Valls 2001). MD heating runs with T ranging from 900 to 1400K.
Fig. 5.10. Heat capacity of LiPb system using two different potentials (pot4 and pot5) compared with
experimental data (Saar 1987).

28

Fig. 5.11. Calculated density of Li-Pb system from MD simulations. (N = 4000 atoms) compared with
experimental values (green triangles) taken from (Saar 1987).
Fig. 5.12.

Calculated volume of Li1-xPbx compounds with 3 different potentials. MD heating run,

N=13500 atoms, total simulation time 45 ps. Experimental data from (Saar 1987).
Fig. 5.13. Calculated density of Li17Pb from MD simulations (N = 13500) compared with experimental
values (black).
Fig. 5.14. Partial g(r) calculated from MD cooling runs at T = 508 K (left) and T = 594 K (right).
Fig. 5.15. Calculated density of Li50Pb50 from MD simulations (N = 13500) compared with experimental
values (cyan) taken from (Saar 1987).
Fig. 5.16. RDF gLiLi(r), gLiPb(r) and gPbPb(r) for the liquid Li0.8Pb0.2 (solid line - black) and Li50Pb50 (broken
line - red) alloys. Left graphs taken from (Senda 2001).
Fig. 5.17. Left) Pb SRO in LiPb system calculated using potentials number 4 and 5. Right) Li SRO.
Fig. 5.18. Left) Pb SRO in LiPb system calculated using potential 5 at several simulation times, 8 ps 15
ps 30 ps and 45 ps as labelled. Right) Li SRO in LiPb system.
Fig. 5.19. Li SRO values calculated from MD runs data for nine different LiPb systems at four different
times. (T = 1000 K and N = 13500 atoms, potential number 5)
Fig. 5.20. Calculated SRO for Li80Pb20 at T = 1100 K for two different size simulations (N = 500 and N =
13500). In black fcc Pb SRO, in red Li SRO.
Fig. 5.21. Snapshot after a MD heating run up to 1300 K of a Li50Pb50 sample starting from a bcc lattice
ClCs type. System shows homocoordination.
Fig. 5.22. Snapshot after a MD heating run up to 1300 K of a Li50Pb50 sample starting from a fcc lattice
(N = 500000). System still shows homocoordination.
Fig. 5.23. Calculated SRO for LiPb system at liquidus temperature for two different size simulations (N =
10000 and N = 500000). In black Pb SRO, in red Li SRO.
Fig. 5.24. A Li40Pb60 alloy “artificially” segregates in two “phases”, one rich in Li (around 75% Li +Pb)
and another one rich in Pb (10 % Li +Pb).
Fig.5.25. LiPb CS: Left at high temperature (T > 200 ºC) CS is a bcc cubic like the ClCs one (cP2, Pm3m). At room temperature CS is the hR6 (Pearson Symbol) R-3m (Space group).
Fig. 5.26. Sample for LiPb B2 phase (ClCs-like) visualized with OVITO (Stukowski 2010).
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Fig. 5.27. Partial RDFs of Li50Pb50 at 800 K (left) and 1300 K (right) starting from two different initial
CS; In red the results using a fcc lattice with random substitution of Pb atoms and in black the same with
a bcc lattice ClCs type. From up to down, Li-Li, Li-Pb and Pb-Pb partial g(r), as indicated in the figures.
Fig. 5.28. Li50Pb50 CS and nine first nearest neighbours. 1, 4 and 7 are different (≠). The others are equal
to the origin atom (=).
Fig. 5.29. Li50Pb50 Partial radial distribution functions (with a = 3.5 Å). The g(r) peak positions and
number of NN are given in table 5.VI.
Fig. 5.30: Match between our fitted potential (red line) and the original (black line) for very short
distances (r < 2.5 Å).
Fig. 5.31. Different potentials obtained with two different definitions of energy in B2 phase compared
with the average of Pb and Li pair potentials, Vmix.
Fig. 5.32. Fit of Vmix to a sum of splines. In black the average of Pb and Li pair potentials Vmix, and in red
the fitting function.
Fig. 5.33. Enthalpy of mixing vs Li concentration. Experimental values taken from (Ruppersberg 1975),
MD results as labelled. Cohesive energy of LiPb in B2 phase, (purple square) is also used as a target.
Orange square represent the result obtained with potential M1.
Fig. 5.34. SRO values vs Li concentration calculated with new potentials. As can be observed now SRO
is not positive for intermediate Li concentrations (See figures 5.19-20 and 5.25).
Fig. 5.35. Q(S(Q)-1) of liquid Li17 at T = 775 K. Black squares are the experimental data (Ruppersberg
1975) red circles and green triangles represent calculated data with pot. M1 and M3 respectively.
Fig. 5.36. Density of liquid eutectic calculated with potentials M1 and M3 (red circles and green triangles
respectively). Black squares are the experimental data taken from (Mas 2008). Blue dashed line
represents the result with Pot.5 (See figure 5.13).
Fig. 5.37. Li self diffusion in Li17Pb calculated with potentials M1 and M3 as labelled. Black squares
taken from (Mas de les Valls 2008). Blue dashed line stands for the interpolation of theoretical data. Blue
arrow denotes the working temperature window in breeder blankets.
Fig. 5.38. Volume contraction in liquid LiPb system. The system departs from ideal behavior (blue line).
Experimental data from (Saar 1987). MD values calculated with three different potentials M1, M2 and
M3 as labelled.
Fig. 5.39. Liquid LiPb alloys at 1000 K. Experimentally, Cp present a strong departure from ideality
(violet dashed line). Remarkably the MD results also present similar behaviour.
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Fig. 5.40. Liquid total structure factor S(Q) of Li50Pb50 at 775 K. X-Ray scattering (red squares) and
neutron scattering results (black squares). MD results: EAM/cd pot.5 (red line) or EAM/alloy potentials
(blue and green squares).
Fig. 5.41. Weight factors, w, in Li1-xPbx alloys vs Pb concentration, x, (right part of LiPb phase diagram).
Fig. 5.42. Total structure factor, S(q), of Li50Pb50 alloys at 775 K calculated from MD simulations (green
and blue lines (pot M1 and Pot M3)) compared to SNN(q) taken from (Ruppersberg 1982).
Fig. 5.43. S(q) of Li50Pb50 alloys at 775 K calculated from MD simulations green and blue lines (Pot M1
and Pot M3) compared to theoretical hard-sphere curve (Ruppersberg 1982). Inset shows liquid Li50Pb50
density vs T. Red squares represent the values obtained with MD. Black squares are the experimental
values (Ruppersberg 1976). Blue dashed line stands for the results shown in Fig. 5.15.
Fig 5.44. Total pair distribution functions of liquid LiPb alloys (T = 1000 K) as labelled. Left) results
with EAM/cd Pot-5. Right) Results with Potential M1.
Fig. 5.45. The difference of the electron-density distribution for the ionic configuration of the liquid
Li80Pb20 alloy from the linear combination of the atomic valence-electron-density distribution. The Li and
Pb ions are drawn as blue and red balls, respectively (Senda 2000).
Fig. 5.46. Ordering potential, φCC, is symmetric by definition  SRO will be also symmetric!?
Fig 5.47. Left) Partial, Wendt–Abraham Parameter, rWAAB, for LiPb alloys close to the eutectic point at
T=1000 K. Right) Partial translational parameter, ζ, for LiPb alloys close to the eutectic point at 1000K.
Fig 5.48. Left) KE/PE ratio for six different LiPb eutectics vs temperature. Right) Critical temperature vs
Li concentration calculated from Li and Pb SRO in the melt.
Fig 5.49. Li50Pb50 (B2) free energies calculated with potential M1: Melting point is very close to the
experimental value, MD = 720, Exp 755 K.
Fig 5.50. Pb-rich part of LiPb phase diagram; Red and green lines represent a simple the estimation from
MD heating cycles. Black lines represent the experimental phase diagram according to (Okamoto 1993).

Chapter 6: Hydrogen in liquid metals

Fig. 6.1. Taken from Ref. (Karpov 2007). Structures of gasars: (a) longitudinal section, (b) transverse
section (× 5), (c) image in the scanning electron microscope (× 20).
Fig. 6.2. Diffusivity values for H in Pd compared with host metal self-diffusivity (black squares). H
diffusivity (red triangles) is close to the calculated (blue) following Eq. 6.1.
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Fig. 6.3. Diffusivity values for H in Ni compared with host metal self-diffusivity (black squares). H
diffusivity (black triangles) is close to the calculated (blue = Eq 6.1). Green triangles represent the
experimental data (Sacris 1970).
Fig. 6.4. Diffusivity values for H in Al compared with host metal self-diffusivity (black squares). H
diffusivity (red circles) is very close to the calculated (blue). Green line represents the experimental data
(Eichenauer 1974).
Fig. 6.5. log-log plot of hydrogen diffusivity values divided by the host metal self diffusivity vs the mass
ratio mM/mH. The slope value is ~0.9, and not ~0.1 as reported in (Bearman 1981).
Fig. 6.6. Diffusivity values for H in Pd at T = 2250 K vs “screening” constant, k. Inset shows the pair
potentials Pd-H (being k = 1 the original (Zhou 2008)).
Fig. 6.7. Quantum effects dominate when Ξ is much larger than 1, but are important over the entire
temperature range (Jardine 2010).
Fig. A1. Calculated pair distribution function of liquid Palladium (T = 1850 K) compared to the
experimental data from (Waseda 1975).
Fig. A2. Calculated pair distribution function of liquid Nickel at 1750 K and 2025 K compared to the
experimental data from (Waseda 1975).
Fig. A3. Calculated pair distribution function of liquid aluminum (1000 K and 1300 K as labelled)
compared to the experimental data from (Waseda 1975).
Fig A4: S1(Q) values calculated using MD simulation with two different potentials (EAM and ADP)
compared with experimental results (Waseda 1975).
Fig A5: Heat capacity, Cp, values calculated using MD simulation with two different potentials (EAM
and ADP) compared with experiment and other MD results from (Forsblom 2005).
Fig. B1. Self diffusion of pure Pd compared to MD results (black squares). Blue triangle and red squares
correspond to the MD results from (Ahmed 2004, Mei 1990).
Fig. B2. Self diffusion of pure Al. Experimental data (black line) from recent neutron diffraction
experiments (Demmel 2011). MD simulations (red and green symbols).
Fig. C1. SRO values dependence with H concentration (in atom %) for Pd-H and Al-H systems. Pd-H
and Ni-H systems are almost a random solution independently of H concentration while Al-H system
rapidly shows segregation.
Fig. C2. SRO evidence in Al-H system (using EAM/alloy (Angelo 1995)). Yellow balls represent H
atoms while blue ones represent Al ones. Here the H concentration is high (20%) for clarity shake.
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Fig. D1. Hydrogen diffusivity in liquid metals. Experimental data taken from (Sacris 1970). Self
diffusivity of pure metals taken from MD results in reference (Ahmed 2004). Experimental data for liquid
Cu and Ni taken from (Meyer 2008).
Fig. D2. Ratio of H diffusivity in liquid metals divided by the host metal self-diffusivity. Black squares
stand for our MD results, red circles are experimental data taken from the abovementioned references.

Chapter 7: Ab initio calculations of Helium inside Lithium and Lead

Fig. 7.1. Multi-scale model from nuclear reaction to property change due to irradiation (Kawai 2011).
Fig. 7.1b. He bubbles in liquid mercury observed through a glass window placed on the surface of the
mercury. The height of this image corresponds to 1.62 mm (taken from (Ida 2007).
Fig. 7.2. Schematic representation of the importance of He bubbles inside liquid metals in breeder blanket
design. (taken from (Fradera 2011)).
Fig. 7.3. High symmetry interstitial sites in a bcc structure, (a) tetrahedral and (b) octahedral, and in an
fcc structure, (c) tetrahedral and (d) octahedral.
Fig. 7.4. He defects inside pure lithium (bcc) for two different scenarios, unrelaxed (black squares) and
relaxed (red circles).
Fig. 7.5. He defects inside pure lead (fcc) for the three different studied scenarios; unrelaxed (black
squares), relaxed (red circles) and (unrelaxed) taking into account SOC (green triangles).
Fig. 7.6. Helium atom and Li total charge relaxed and unrelaxed as labelled. Note the break in the y axis.
Fig. 7.7. Helium atom and Pb total charge relaxed and unrelaxed as labelled. Note the break in the y axis.
Fig. 7.8. Helium atom (green triangles) and Li charge character (unrelaxed). Dashed lines are just guides
to the eye. Note the break in the y axis.
Fig. 7.9. Helium atom and Pb charge character unrelaxed. Note the break in the y axis.
Fig. 7.10. Helium (open symbols) atom and Pb (closed symbols) charge character (s, p and d, black, red
and green respectively) after relaxation. Note the break in the y axis.
Fig. 7.11. Charge density of the metallic electrons in the vicinity of the helium atom. The dashed curve is
the unperturbed metallic density. (taken from (Zaremba 1977)).
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Fig. 7.12. (Fig. 3 in Trioni 1998). The variations of the 1s level (line with diamonds) of a He atom, of the
bare metal electrostatic potential Ves (dashed line), and of the bare metal effective potential Veff (solid line)
as functions of the atom jellium edge distance.
Fig. 7.13. Total (left) and projected DOS (right) of He inside Li after relaxation. The units are number of
states/unit cell. p and d DOS are shifted upwards +0.2 and 0.5 units for clarity. Octahedral (black line),
substitutional (red) and tetrahedral (green).
Fig. 7.14. Total (left) and projected DOS (right) of Li with different interstitials after relaxation;
octahedral (black line), substitutional (red), tetrahedral (green) and pure Li (blue line).
Fig. 7.15. Total (left) and partial (right) DOS of He inside Pb after relaxation for three different
configurations; octahedral (black line), substitutional (red) and tetrahedral (green). p and d-DOS are
shifted upwards +0.2 and 0.5 units for clarity.
Fig. 7.16. Total (left) and partial (right) DOS of Pb after relaxation with three different He interstitial;
octahedral (black line), substitutional (red) and tetrahedral (green). Partial p- and d-DOS are shifted
upwards +0.2 and 0.5 units for clarity.
Fig. 7.17. Total DOS of Pb before relaxation without SOC (left) and with SOC (right) and with three
different He interstitials; octahedral (black line), substitutional (red) and tetrahedral (green). Blue line
stands for the pure fcc Pb DOS.
Fig. 7.18. Dividing surfaces separating the oxygen and hydrogen Bader regions in a water molecule. The
integration over the Bader regions indicates that 0.58 e are transferred from each hydrogen atom to the
oxygen atom (taken from (Henkelman 2006)).
Fig. 7.19. He charge inside Li (left) and Pb (right) after relaxation calculated using Bader analysis.
Dashed lines are just guide to the eye.
Fig. 7.20. Schematic illustration of the difference in charge of pure Pb and Pb with an He interstitial in
tetrahedral position.
Fig. 7.21. Schematic illustration of the difference in charge of pure Pb and Pb with an He interstitial in
tetrahedral position. Yellow color represent the s “orbitals”.
Fig. 7.22. Schematic illustration of the (a) <100> dumbbell, (b) <110> dumbbell, (c) <111> dumbbell and
(d) <111> crowdion, in a bcc CS.
Fig. 7.23. Example of force fitting taken from (Izvekov 2004); intramolecular component of the HH
effective force field (solid line) and least-squares fit using a cubic polynomial (dashed line).
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Appendix 1: Exploring the limits of classical molecular dynamics. Liquid Li and
Pb under high pressure

Fig. A1. Fermi surface of bcc lithium at (a) equilibrium and (b) P=8 GPa and fcc at (c) P=30 GPa. Taken
from ref (Rodriguez 2006).
Fig.A2: Bulk modulus for liquid Li and Pb at different temperatures. The experimental values of Pb are
taken from (Mustafin 1983). Li experimental values have been calculated from (Yokohama 2001) using
Eq (A.2).
Fig. A3. Lithium and lead (shifted 2 units upwards) g(r) at different pressures (0, black squares, 1 GPa
red circles, 5 GPa green triangles) at T = 1800 K.
Fig. A4. Lithium g(r) at high pressures and high temperatures as labelled. Red line represents the same
result from ab inito calculations taken from Yang et al (Yang 2010).
Fig. A5. Lead g(r) at very high pressures and high temperatures as labelled. Symbols are our MD data and
lines represent the same result from ab inito calculations (Cricchio 2006).
Fig. A6. r2/r1 ratio for liquid Pb and Li at different temperatures (Pb 1800 K, black circles and Li 1700 K
red triangles) and pressures up to 40 GPa (Dashed blue lines are linear fits).
Fig. A7. Volume dependence of nearest-neighbour distance, r1, for liquid Li (full symbols) and Pb (open
symbols). Volume, V, and r1 are normalized by values at atmospheric pressure, V0 and r1(0), respectively,
and (r1/r1(0)) is plotted as a function of (V/V0)1/3.
Fig. A8. Maximum and minimum coordination number (CN) of lithium atoms at high pressures (T =
1000 K) compared to ab initio calculations (Yang 2010).
Fig. A9. Left) Li CNA analysis at 2000 K vs pressures. A clear jump in the number of atoms in an fcc
structure takes place around 7 GPa, as expected. Right). Pb CNA analysis at 2000 K vs pressures. Some
ordering to a bcc structure takes place around 100 GPa.
Fig. A10. Left) Li CNA visualization at 2000 K and P = 20 GPa. (N = 120000 Atoms). Green spheres
correspond to fcc atoms, red ones to hcp, blue to bcc and white to others. Right) Pb under pressure (P =
200 GPa and T = 2000 K) visualization of CNA.
Fig. A11. Low (left) and high (right) pressure heating-cooling Pb MD simulations: Enthalpy vs
temperature at different pressures as labelled.
Fig. A12. Low pressure Pb MD simulations. Pb volume versus temperature at different pressures. Clearly
the jump in volume decreases when pressure is applied.
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Fig. A13. Pb and Li (inset) melting point estimated from MD runs (red circles) compared with
experimental values (black squares) at different pressures; from 0 to 5 GPa for Li and up to 80 GPa for
Pb. Blue line stands for the Lindemann predictions for Pb (Errandonea 2010) and Li (Kraut 1996).
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Chapter 1: Nuclear Fusion

Table 1.I. Nuclear fusion reactions which occur at the lowest plasma temperatures. The quantities E and
E* refer to the local nuclear energy release in one reaction and to the energy released in the form of
charged particles, respectively (Ribe 1975). Eeq is the total equivalent energy (Shefield 1994).
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T solubility and diffusivity is one of the main issues for blanket design.
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Chapter 4: Atomistic molecular point of view for liquid lead and lithium

Table 4.I. Parameters to define the EAM potentials for Pb (Zhou 2001).
Table 4.II. Parameters to define the EAM potentials for Li. Li parameters a, b and c are expressed in eV
(from Refs (Belaschenko 2011, 2012)).
Table 4.III. Parameters to define Li pair potential (in eV) as defined in Eq’s (14) and (15). From Ref
(Belaschenko 2012), distance, r, in Å.

Chapter 5: LiPb interatomic potential

Table 5.I. Calculated cohesive energy, Ec, and lattice parameter, a0, for Pb and Li in fcc and bcc phases.
All values have been calculated using Pb and Li EAM potentials in the effective representation. The
results are exactly the same that those obtained with the original potentials.
Table 5.II. Main results for Li17Pb total g(r). Comparison between MD and experiments (Mudry 2008),
all distances in Å.
Table 5.III. Main results for Li17Pb eutectic partial g(r)’s. Comparison between MD and experiments
(Mudry 2008). r1 Pb-Li and r1 Li-Li does not match the experimental results.
Table 5.IV. Crystal data for Li50Pb50 compound (Zalkin 1957) at two different temperature ranges, room
temperature (rt), and high temperature (ht).
Table 5.V. Left) Table 1 from (Hubberstey 1997). Right: Table 1 from (Molina 1998). Both papers give
the same cohesive energy for LiPb in bcc B2 phase.
Table 5.VI. B2 phase. Distances (in lattice parameter, in a0 units), number of nearest neighbours and
atom type, different (≠) or same (=) as “origin one”.
Table 5.VII. Partial g(r) peaks with Pot. M1. The results are as good as or better than the obtained with
previous potentials (last column). General agreement is better than 10% of error in first peaks position.
Table 5.VIII. Coherent and incoherent scattering cross sections (in barns) for Pb and Li according to
(Ruppersberg 1975).
Table 5.IX. Weight factors defined in Eq.s (5.34) for eutectic composition and some Li-Pb alloys using
only the coherent cross sections given in Table 5.VIII.
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Chapter 6: Hydrogen in liquid metals

Table 6.I. Some parameters used in this study. Debye temperature, vibrational frequencies of H-M
system and activation energies taken from (Dhawan 1981).
Table 6.II. Some parameters used in this study. εAB/εAA is the hydrogen to metal atomic ratio of various
typical hydride-forming metals. rHS values from (Protopapas 1973)
Table 6.III. Some parameters used in this study. Density at melting point units are gr/cm3, ε is the
electronegativity (Pauling scale). ΔHs is the enthalpy of solution of hydrogen in the metal in the low
concentration limit (Fukai 1993).
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Table 7.I. Summary of formation energies of high symmetry He interstitials in Pb and Li.
Table 7.II. Magnetic moment components, μi, for Pb and He atoms. Pb values are the average of the first
nearest neighbors.
Table 7.III. Volume per atom (in Å3) for pure Pb, Li, and He interstitials, before and after relaxation, and
taking into account SOC.
Table 7.IV. Total charge of He and host metals according to this work. (2) Some relevant data: effective
charge (Shpil’rain 2007), polarizability, α0, (Mitroy 2010). (1) electronic density, rs, (Zaremba 1977).
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Pb under high pressure

Table A.I. Experimental bulk modulus (Ashcroft 1976), B, (in GPa) and its derivative, B’, and MD
results using Pb and Li EAM potentials described above (T = 300 K).
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“A man must shape himself to a new mark directly the old one goes to ground.”

Ernest Shackleton
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Chapter 1

Nuclear Fusion Technologies

The Physics involved in nuclear fusion is a vast and complex field very close to
astrophysics. The temperatures and densities reached in the core of stars is what should be
reproduced in some nuclear reactor in order to achieve fusion. Therefore the physics involved
and technology needed to build a reactor is by no means simple. Many problems arise when
someone wants to create a small Sun in the laboratory... materials should withstand very high
temperatures and radiation doses so materials science finds here another very challenging
problem to face.
To write a long introduction dealing with all the aspects of nuclear fusion technology would be
clearly unnecessary because several excellent books have been written on the mater. Contrary,
here we will present a short introduction with a long references list with classical papers,
reviews and good books about the different physical phenomena and technological problems
involved in the design of a nuclear fusion reactor.
Nuclear fusion seems to have two different and well established pathways, magnetic
confinement or inertial fusion. The biggest international projects are well magnetic confinement
experimental reactors (tokamaks or stellerators, being ITER the flagship) or inertial confinement
experiments (National Ignition Facility, NIF, in the U.S.A. is the best example). So a very short
introduction of both kind of reactors and some of the well known facilities as the Joint European
Torus (JET) or NIF will be presented. This two kind of reactors present similar problems related
with a future commercial fusion reactor, namely tritium production and extraction, plasma
facing materials just to mention some of them. These common problems will be shortly
reviewed too. The idea of using liquid metals for breeding blankets, and also as plasma facing
materials, will be explained in more detail in Chapter 2.

"But still try, for who knows what is possible."
M. Faraday

41

1. 1 Nuclear Fusion

The chemical reduction of CO2 will be one of the most important challenges in the 21st century.
As a greenhouse gas, CO2 contributes to global climate change, and therefore anthropogenic
emission of CO2 is resulting in increasing global concern. In order to limit the global mean
temperature increase by 2.0-2.4 °C, (based on the emission level in 2000) the global CO2
emission would have to be reduced by 50-80% by 2050 (Metz 2007). The most effective, and
perhaps unlikely, route to decreasing anthropogenic CO2 emissions would be the replacement of
all current (13 Terawatt) and future (23 Terawatt by 2050) global energy requirements with nonemissive and renewable resources (Kamat 2007). However, the US Department of Energy
(DOE) has predicted that we will have to wait another five decades, minimum, before fusion
power becomes practical. Meanwhile, the United States continues to depend on fossil fuels for
85 percent of its energy. A nice review of the energetic problem in the forthcoming years can be
found in (Ongena 2001).
The ultimate goal of worldwide research in nuclear fusion is to develop fusion as an
inexhaustible, economic, environmentally safe source of electric power. Fusion energy can
potentially provide a nearly unlimited source of clean sustainable power. Such power plants
would be safe and environmentally friendly. In particular, one of the main problems of fission
reactors, namely that of a possible uncontrollable nuclear reaction is banished; also the problem
of radiotoxic waste is reduced by literally orders of magnitude. Fusion reactors would have
almost limitless supplies of fuel and could be sited anywhere in the world. Fusion is, however,
still in the development stage and it is not expected that commercial power plants will start
operation before the middle of this century.

The two main attractions of fusion are that a very large amount of nuclear energy is released in
each fusion and that virtually unlimited amounts of deuterium (D) exist on the surface of the
Earth in water molecules. Tritium (T) can be made from lithium in the overall production
process. Thus, fusion fuel is available in virtually unlimited quantities for commercial
production of electrical power.

Fusion of two light nuclei, normally D and T, only occurs in plasmas at elevated temperatures
(see Figure 1.1) where the particles have sufficient kinetic energy to overcome the Coulomb
barrier. The nuclei in a plasma are all positively charged, so they strongly repel each other when
they’re close together. But in a hot, dense plasma, they approach each other at such high speeds
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and so often that many pairs of them can overcome their repulsion and fuse— releasing
enormous amounts of nuclear energy.

Fig. 1.1. The temperatures and densities of different plasmas. Extreme matter exists inside gamma-ray
bursts, hot neutron stars, and the plasmas produced by high-power lasers. Non-extreme matter includes
sea-level air at room temperature and, the surface of the sun.

In order to develop a viable fusion reactor there are three basic physics requirements which
must be satisfied. (1) A sufficient density of plasma must be: (2) confined for a sufficiently long
time at: (3) a sufficiently high temperature to produce net thermonuclear power.

Fig. 1.2. Three parameters (plasma temperature, Te, density, ne, and confinement time, τe) need to be
simultaneously achieved for sustained fusion to occur in a plasma for three different nuclear reactions, DT, D-D and D-3He as labelled.
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In its most elementary form the net power balance for a magnetic fusion system is described in
terms of the Lawson parameter nτE, with n the plasma number density and τE the energy
confinement time (Lawson 1957). Similar criterion exist for inertial fusion as well; see (Chang
2010) and references therein.

E(MeV)

E*(MeV)

Eeq(kWh/g)

D+T  4He (3.52 MeV) + n(14.06 MeV)

17.58

3.52

94000

D+D  He (0.82 MeV) + n(2.45 MeV)

3.27

0.82

22000

D+D  T (1.01 MeV) + n(3.03 MeV)

4.04

4.04

27000

D+ He 

18.34

18.34

98000

11.32

-

-

3

3

4

He (3.67 MeV) + p (14.67 MeV)

T+T  He + n + n
4

Table 1.I. Nuclear fusion reactions which occur at the lowest plasma temperatures. The quantities E and
E* refer to the local nuclear energy release in one reaction and to the energy released in the form of
charged particles, respectively (Ribe 1975). Eeq is the total equivalent energy (Shefield 1994).

DD system which requires no fuel breeding, and for which neutron activation of the reactor
structure would be greatly reduced because of the smaller neutron energy. The D3He system
would greatly reduce the need for thermal conversion of the nuclear energy to electrical work,
since the reaction of the charged particles on magnetic and electrical fields can produce this
work directly, converting fusion energy at high efficiency. The TT reaction occurs with a small
reaction rate (see (Ribe 1975) for a review of fusion reactor systems).

A solid foundation for fusion power has been made by the results from many fusion facilities
over the past 50 years. See (Meade 2010, Smirnov 2010) and (Mima 2011) for a historical
reviews on magnetic and inertial confinement respectively. After all this research effort around
the world, today, the best plasmas need an improvement of only 6 in performance. In
magnetic confinement this requires a new larger device. Figure 1.3 represent the advance
regarding the Fusion Triple Product (PiτE = niTiτE) required to reach ignition in both MCF and
ICF along the years.
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Fig. 1.3. Left) The Fusion Triple Product can be compared with leading edge performance of the devices
year-on-year. Right) The Fusion Triple Product (here quality of confinement) for inertial fusion
experiments along the years.

1.2 Magnetic fusion

Materials cannot survive at the elevated temperatures needed to achieve fusion, thus leading to
innovative isolation and containment schemes. Two approaches to containment are magnetic
fusion energy in which the fusion plasma is confined by magnetic fields (Sheffield 1994,
Freidberg 1982) and inertial confinement fusion (ICF) (Nuckolls 1972) in which the fusion
plasma is produced in the core of an imploded spherical capsule. Inertial fusion reactors will
make use high-repetition-rate drivers such as lasers or heavy ion particle beams to produce ICF
capsule implosions several times per second. ICF will be shortly reviewed in next section.

Magnetic confinement research started in the fifties in the old USSR. The papers of Tamm,
Sakharov and their collaborators were first published in a four-volume book ‘Physics of Plasma
and Controlled Thermonuclear Reaction Problem’ published just before the Second Geneva
Conference in 1958 (Tamm, Sakharov and Bezbatchenko, 1959).

Together with Sakharov, Tamm proposed a tokamak resulting in the T-3 Soviet magnetic
confinement device from 1968, when the plasma parameters unique for that time were obtained,
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of showing the temperatures in their machine to be over an order of magnitude higher than what
was expected by the rest of the community (Tamn 1961).

Fig. 1.4. Illustrating the main features of a tokamak.

The essential features of a tokamak are shown in Fig. 1.4. The plasma of major radius R and
minor radius a forms the secondary of a set of transformer cores whose primaries are driven by
a pulse of current which induces an axial (or toroidal) current IΦ and current density jΦ in the
plasma. This current serves two purposes: (a) it heats the plasma by Ohmic processes and (b)
the poloidal field, Bθ, which encircles the plasma ring, contains the plasma.

From an oversimplified view of the physics, the problem of maximizing nτE separates into two
relatively independent parts. First, the maximum energy confinement time, τE, is determined by
the microscopic behavior of the plasma. This behavior ultimately leads to macroscopic
transport, which can be either classical or anomalous depending on the processes involved
(Bohm diffusion is one example (Bohm 1949, Krall 1973, Hinton 1976)). These phenomena
require knowledge of individual particle motion on short length and time scales and they are
usually treated by kinetic models (Montgomery 1964). Such models are also used to determine
the energy disposition and plasma temperature T associated with various methods of heating.
Second, the maximum density, n, is almost always determined, not by microscopic kinetic
processes, but rather by macroscopic equilibrium and stability limits set by the magnetic
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geometry. Actually, at a given T, the critical figure of merit is β = 2μ0nT/B2, the ratio of plasma
energy to magnetic energy (Friedberg 1982).

Fig 1.5. JET chamber in Culham, U. K. Picture taken from http://www.jet.efda.org.

The energy confinement time is a measure of how long the energy in the plasma is retained
before being lost. It is defined as the ratio of the thermal energy contained in the plasma and the
power input required to maintain these conditions. A significant fraction of losses in a
magnetically-confined plasma is due to radiation. The confinement time increases dramatically
with plasma size (large volumes retain heat much better than small volumes)

In short, energy confinement time t scales as some functions of: plasma current, I, major radius,
R, minor radius, a, toroidal magnetic field, B. The scaling law is roughly

t  I pa R b a g B l

(1.1)

with indices a,b,g,l all positive. Then to achieve sufficient value of nτT requires: scaling of
present generation of Tokamaks upwards in terms of, I, R, a and B.
However this is much more complex. Further details of advanced tokamaks can be found in
(Taylor 1997, Kikuchi 2012) and references therein.
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Table 1.II. Parameters of modern tokamaks and ITER (Sheffield 1994). JET axial magnetic field up to
4.0 T from 1997 onwards (Keilhacker 2001).

During the past two decades there have been substantial advances across the board in magnetic
fusion research. In tokamaks, the main line of experimental research in the world program,
reactor-level plasma conditions have been achieved.

Fig. 1.6. Summary of different magnetic and inertial (upper left corner) experiments around the world.
(figure taken from (Meade 2010)).

Initial tests with DT fuel in the JET tokamak in 1991 led to the generation of 1.8 MW of fusion
power (Bickertony 1997, Keilhacker 2001). More recently, the TFTR tokamak obtained over 6
MW of fusion power (Stambaugh 1990, Strachan 1999). The characteristic time scale of plasma
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sustainment typical of the 1970s was 1 s. The fusion program is now on the verge of
demonstrating the scientific and technological feasibility of fusion power (ITER and NIF).

1.2.2 Stellerators

It would be incomplete to finish this section without mentioning the “stellerator” concept. A
stellerator is like a tokamak but the toroidal camera is twisted in a helical way making the
plasma more stable. To summarize, when one considers ways of confining some thermonuclear
plasma, a toroidal solenoidal magnetic field is the more obvious possibility. But such a simple
field would not work from the fact that its non-uniformity causes charge separation by the
oppositely flowing B x divB drifts of the ions and electrons.
This separation would create electric fields and the consequent E x B drift would move the
plasma across the field lines to the outside of the system. This charge-separation problem can be
solved by twisting the magnetic field lines, giving them a poloidal rotation as they go around the
torus toroidally. The field lines then connect regions where positive electric charge would tend
to accumulate to regions where there is a deficiency and the electrons can flow freely along the
magnetic lines and neutralize the charge accumulations. This is the basic idea of the stellerator
concept (Spitzer 1958, Lyon 1990). This is another very promising approach and, for example,
Wendelstein 7-X, a large stellerator (which goal is to achieve times of confinement of about 30
minutes) is today under construction in Greifswald, Germany (Wanner 2003).

Fig. 1.7. The W7-X stellarator with its helically shaped plasma and the coils required to support it. The
average major radius of a plasma is 5.5 m. Figure taken from (Boozer 2004).
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Tokamak and stellarator plasma parameters improved well above those attained in the 1970s
have now been sustained for tens of seconds. For different reviews of advances in tokamak
configurations and magnetic confinement see for example (El-Guebaly 2010, Allen 2012, Gates
2012) and references therein. Scientific progress on TJ-II stellerator in Spain is described in the
work of Alejaldre and collaborators (Alejaldre 1990, 1999 and references therein). As will be
explained a little further in next chapter, some Li plasma facing solutions have been studied in
the TJ-II as well (Tabarés 2008).

1.3 Inertial Fusion

In the mid-1960s, scientists realized that intense laser light could compress and heat matter
enough to produce significant amounts of fusion energy. Research in laser driven inertial
confinement fusion (ICF) began soon after the invention of the laser (Lindl 1998, Atzeni 2004).
The U.S. research in this field is a direct result of weapons work. John Nuckolls, based his
seminal paper in Nature (Nuckolls 1972) on work he initiated in the later 1950s in creating the
smallest possible fusion explosion. In a very real sense ICF is, and has been from the beginning,
an attempt to shrink thermonuclear weapons physics and design to laboratory scale. His paper
was published at about the time when laser technology, diagnostic development, and numerical
modeling were becoming mature enough so that an expanded ICF program could begin to
evaluate the limits and requirements for the success of ICF.
After about 45 years of intense research, the first ignition experiments are being performed at
the National Ignition Facility (NIF). Although important ICF research has and is being
conducted in Japan, France and UK, the world's major ICF research program has been the U.S.
program funded by the Department of Energy. Much of the progress made in this program has
been cloaked in secrecy due to the relationship between laboratory scale ICF, especially
indirect-drive ICF, and thermonuclear weapons design, since thermonuclear weapons are
essentially enormous indirect-drive ICF systems.
In the Institute of Nuclear Fusion (Madrid, Spain) there is a long tradition on ICF research,
starting with the work of Prof. G. Velarde on plasma physics (Velarde 1986, 1989) and
continued by Dr. P. Velarde and co-workers (Velarde 2005, Ogando 2001). Different aspects of
neutron damage are also explored (Perlado 2000, Gordillo 2012). The research effort continues
vigorously in collaboration with Lawrence Livermore National Laboratory in the USA, CEA in
France etc (Oliva 2012). Another important issue, the mechanical properties of DT ices, is today
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investigated by means of ab intio simulations (Guerrero 2013). Needles to say, that this short
list of references makes no claim to completeness.
Something important to be noted, inertial-confinement works. Experiments carried out by the
US military in the 1980s showed that the X-ray output from an atomic bomb could ignite little
capsules of DT. By 1975 the U.S. ICF program had largely abandoned direct-drive ICF in favor
of indirect-drive radiation implosion, (the foundation of the Teller-Ulam fusion weapon
architecture). Due the limitations of existing lasers, in 1978 the Halite/Centurion program was
undertaken jointly by LLNL and Los Alamos (Halite was the LLNL portion, and Centurion the
LANL part). This secret program used underground nuclear explosions at the Nevada Test Site
to provide the high intensity radiation flux needed to test ICF targets (fuel capsule/hohlraum
systems). It continued until 1988.
These bombs use an initial fission explosion to rapidly compress a DT mixture, with shock
waves created inside the mixture heating it to the point of ignition. This “central ignition”
process is being reproduced in a controlled way at billion-dollar facilities — the NIF at the
LLNL in the US and the Mégajoule laboratory in France — where a single set of lasers both
compresses and heats the fuel. HiPER, on the other hand, will use a separate laser pulse to do
the heating, a process known as “fast ignition” because the second laser must heat the fuel
within 10–11 s of the implosion.

Next figure shows schematically the idea of direct drive. With sufficient compression, the
pressure and temperature ignite the DT fuel, forming a self-sustaining fusion reaction (burning).
However, any small bumps or imperfections in the spherical implosion will cause the capsule
material, melted by the shock, to grow fingerlike projections that mix with the fuel and rob it of
its heat.

Fig. 1.8. In ICF, a spherically converging shock (green arrows) compresses a millimeter-size metal
capsule (blue) filled with DT gas (red).
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NIF is the most complex optical instrument ever constructed, with over 38,000 large and small
optics and 60,000 points controlled by two million lines of software (Moses 2008, 2010). With
192 laser beam NIF, is now operational and conducting experiments at LLNL in Livermore,
CA. NIF, the flagship facility of the U.S. Inertial ICF Program, will achieve high-energydensity conditions never previously obtained in the laboratory—temperatures over 100 million
K, densities of 1000 g/cm3, and pressures exceeding 100 billion atmospheres. Such conditions
exist naturally only in the interiors of the stars and during thermonuclear burn.

Fig. 1.9. Historical development of ICF with different drivers, laser, heavy ions and pulsed power.

In ‘‘hot-spot’’ ICF designs, a cryogenic DT capsule is driven to implode either directly by
intense laser pulses (McCrory 2008) or indirectly by x rays in a hohlraum (Lindl 1998). At the
stagnation stage, a high-density shell (ρ > 1000ρ solid DT density) is assembled around the hot
spot for the fusion burn to propagate, thereby generating a net energy gain. Accurate knowledge
of the equation of state (EOS) of the DT fuel is essential for ICF designs (Atzeni 2004) because
the compressibility is determined by the EOS (Hu 2008).

Dynamically compressed by shocks and/or adiabatic compression waves driven by laser
ablation (Hu 2008), the imploding DT shell undergoes a wide range of plasma conditions at
densities from < 1 gr/cm3 up to 1000 g/cm3 and at temperatures varying from a few to several
hundreds of electron volts (Lindl 1998).
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Fig. 1.10. Direct-drive (a) and indirect-drive (b) laser fusion.

In recent experiments, the DD and TT reaction yields have shown to be anomalously low and
high, respectively, when compared to the DT reaction yield maybe caused by a stratification of
the fuel (Casey 2012). This stratification of the fuel may be driven by plasma baro-diffusion
(Amendt 2010) of the fuel ions, which pushes the lighter ions from the imploding ICF core. The
implications of these anomalous yields in the ignition experiments planned on the NIF,
potentially imply a more restrictive ignition threshold (Betti 2010, Haan 2011) and reduced DT
yield.

Fig. 1.11. The physics of high power laser interactions with solid targets (Thomas 2012).

A plane shock wave in a fluid (Hirschfelder 1954, Zel'dovich 1966 Atzeni 1994) is known to be
inaccurately described by the Navier-Stokes equations of fluid dynamics; in the case of a gas,
deviations occur already for Mach numbers M~2. There is an excellent treatment of shockwaves
in Chapter IX of Landau and Lifshitz’ “Fluid Mechanics” text (Landau 1959). The NavierStokes equations represent a continuum theory based on linear relations between
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thermodynamic forces and fluxes. These relations are known as the linear laws: Newton's law of
friction and Fourier's law of heat conduction. In a strong shock wave, the forces, i.e., gradients
in hydrodynamic densities are large, and the failure of the Navier-Stokes equations can be
attributed to deviations from the linear laws.

Another problem is that ICF capsule implosions are typically modeled as charge-neutral,
average-atom, single-component fluids despite their plasma nature (Marinak 2001). As a result,
plasma-related phenomena arising from self-generated electric (≥109 V/m) and magnetic fields
(~1 MG) as can be seen in Figure 1.11. A description of the experiments quantifying these
effects can be found in (Li 2008, 2009). Their implications for ICF target performance in
general, and upcoming ignition tuning campaigns on NIF (Peisner 1999) in particular, have not
been well established (Glenzer 2010).

Central hot spot ignition with high implosion velocities (350–400 km/s), this scheme is prone to
hydrodynamic instabilities. Conversely, fast ignition does not rely on hydrodynamics to trigger
ignition but on an auxiliary high intensity short laser pulse (Dunne 2006, 2007 and references
therein). Another important issue will be the crystal structure of DT ices and its mechanical
properties. Different shock wave propagation due to different crystal structures, grain
boundaries and concentration gradients (DT ice will not be completely uniform in average
concentration) will be important in the first stages of shock compression triggering
hydrodynamic instabilities.

Fig. 1.12. Phase diagram for the deuterium and hydrogen, the difference between H2 and D2 is shown
(Kawamura 2008).

For a review of targets we recommend the recent papers of Atzeni et al (Azeni 2009, 2011) and
(Thomas 2012) to name a few. Laser development is another highly active are of research. A
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nice review of lasers in nuclear inertial fusion is offered in references (Tabak 1994, Sethian
2003, Chanteloup 2010).

Inertial fusion is mainly pursued in the USA. The path to Laser Inertial Fusion Energy (LIFE) is
a four-step process:

First one was the construction and operation of a laser facility at the scale required for
energy production (NIF). Second step was to demonstrate Ignition (In progress).
Next steps are: LIFE demonstration: Integration of all the technologies required for a
power station (Planned for mid-2020s). Commercial LIFE fleet: Rollout of LIFE plants onto the
electric grid (Late 2020s and beyond).

Fig. 1.13. Left) LIFE project, picture from NIF website. Right) European Inertial Confinement Fusion
HiPER project. Both pictures are artist’s impressions.

In the present design of LIFE the use of Li as both the breeder and coolant is foreseen. That
could simplify the design which may result in higher reliability. This will be further discussed in
next chapter dealing with liquid metals and breeding blanket technology.

Recently, a European collaboration has proposed the High Power Laser Energy Research
(HiPER) facility, with the primary goal of demonstrating laser driven inertial fusion fast
ignition. HiPER is expected to provide 250 kJ in multiple, 3ω (wavelength λ = 0.35 μm),
nanosecond beams for compression and 70 kJ in 10–20 ps, 2ω beams for ignition. The baseline
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approach is fast ignition by laser-accelerated fast electrons; cones are considered as a means to
maximize ignition laser–fuel coupling.

Prior to a decision to proceed with HiPER construction the ignition scheme must be
experimentally validated at full scale on an existing facility such as Laser Mégajoule (LMJ) or
NIF.
In December 2010 the HiPER Executive Board made the important decision that the preferred
ignition scheme for HiPER will be Shock Ignition, although other options including Fast
Ignition with either electrons or protons are not excluded.
Experiments and associated numerical modeling, prior to completion of LMJ in ~2016,
will be conducted using existing intermediate scale facilities including PALS (Czech Republic),
PeTAL (France), Vulcan and Orion (UK), and Omega (US).
Once the modelling and experimental validations are sufficiently mature, an ignition
campaign will commence on LMJ. Gain optimization experiments will follow, to underpin the
commercial viability of Laser Energy [HiPER website].

Fig. 1.14. Timeline for the proposed Laser Energy Programme [HiPER website].
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Chapter 2

Liquid metals and fusion technology

Pb17Li is today a reference breeder material in diverse fusion R&D programs
worldwide. One of the main issues in these programs is the problem of liquid metals breeder
blanket behaviour. The structural material, constituting the blanket should meet highperformance requirements because of extreme operating conditions. The experimental data
available are still scarce and sometimes the experimental uncertainty is important (Mas de les
Valls 2008). Therefore the knowledge of eutectic properties like optimal composition, physical
and thermodynamical behaviour or diffusion coefficients of tritium (T) are extremely necessary
for current designs. In particular, the knowledge of the function linking the T concentration
dissolved in liquid materials with the T partial pressure at a liquid/gas interface in equilibrium,
CT=f(PT), is of basic importance because it directly impacts all functional properties of a blanket
determining: T inventory, T permeation rate and T extraction efficiency. Nowadays,
understanding the structure and behaviour of this compound is therefore a real goal in fusion
engineering and materials science.

In Chapter 1 we made a short introduction to nuclear fusion technologies. Here, we will shortly
review the probable application of liquid metals in different parts of a nuclear fusion reactor.
But not only Li-Pb system is interesting for fusion technologies. Liquid lead is used in neutron
spallation sources (Henry 2008) and liquid lithium is a very promising candidate for plasma
facing components (PFCs) and plasma protecting components. Recent works on the ITER and
DEMO reactor projects showed that conventional technical and structural material solutions of
first wall, divertor plates and other PFCs for steady state plasma burning presented serious
difficulties (Verktov 2007, Federici 2003 & 2005)
Power fusion reactor with heavy neutron flux and peak power loads cannot be realized with
application of conventional solid plasma facing materials (PFM). Some problems like PFM
degradation and T retention may be overcome by application of liquid metals. The best
candidate is lithium as a material with low Z and low activation. What is sure is that lithium will
play an important role in future nuclear fusion reactors (Evans 1978, Bloom 1990).
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2.1 Liquid metals

The idea of replacing a solid first wall with a liquid wall in magnetic fusion devices was
suggested by Christofilos more than four decades ago (Christofilos 1989). A review of ideas
about liquid first walls can be found in (Moir 1987, 1995).
For breeding blanket designs there are mainly three candidate liquids that might meet all the
required criteria, especially that of being able to breed enough tritium: Li, Flibe and Li17Pb.
There are two typical formulations of FLiBe: Li2BeF4 and LiBeF. The first has a 10 times lower
viscosity but a high melting point of 460 °C and the second has a melting point of 360°C
(Sagara 1995, 1997).
Chemical and physical characteristics of lithium, especially a large liquidus range, high heat
capacity and high thermal conductivity, allow lithium to be used as an effective nuclear reactor
coolant. However, the corrosive properties of lithium require precautionary hand ling.

(1) Lithium reacts readily with water (vapor and liquid) to form hydrogen gas, a hazard
under some accident conditions.
(2) Molten lithium is extremely reactive. It will burn on contact with the moist skin o f
personnel working with it. It also produces, upon burning, aerosols irritating to the respiratory
system.
(3) Molten lithium reacts noticeably with concrete, other materials containing moisture
and with many ceramic insulating materials. Lithium attacks ceramics more aggressively than
sodium does.

The reactivity of Li17Pb is much less. It reacts significantly with water, carbon dioxide, and the
water content of concrete but has very mild reactions with air and nitrogen. However pure
lithium properties make it ideal to be used as plasma facing material and/or divertor designs.
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2.1.1 Lithium divertor and plasma facing materials

Recently the 2nd International Symposium on Lithium Applications for Fusion Devices (ISLA2011) was held at the Princeton Plasma Physics Laboratory (PPPL) with broad participation
from the community working on aspects of Li research for fusion energy development. This
community is expanding rapidly in many areas including experiments in magnetic confinement
devices and a variety of Li test stands, theory and modeling and developing innovative
approaches.
A number of unique properties of lithium determine its high potential for application for heat
removal at the plasma–wall boundary:

• high latent heat of evaporation allows to redistribute efficiently the energy coming into
divertor by evaporation–condensation processes,
• lithium flow from divertor region to the main vessel may be controlled by an
appropriate divertor design due to efficient condensation (unlike gases),
• radiative emissivity of lithium may achieve 1000–1500 eV per one Li atom at Te = 20–
50 eV according to estimations of stepwise ionization process and it may be used for protection
of the wall and divertor plates by radiation in disruption events and in normal conditions.

Fig. 2.1: Scheme of Li limiter concept and its interaction with tokamak plasmas (Mirnov 2009).
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Early (1996) TFTR experiments showed that lithium can be successfully used as tokamak
plasma facing material (PFM) and now one usually refers to ‘lithium tokamaks’ (Mansfield
1996). The Li coated tokamak vessel wall (lithiation) permits to obtain better plasma features
(plasma confinement, purity, density limit) as compared with boronization. For more details
about lithium PFM see (Evetikhin 2002, Verktov 2007, Nygren 2009).

2.1.2 Blanket

Deuterium is abundant in nature as about 1 part in 6500 in the hydrogen in water. Tritium does
not occur naturally it is necessary to breed tritium by bombarding Li with the fusion neutrons,

6

Li  n  4He  T  4.80 MeV

7

Li  n  4He  T  n  2.47 MeV

The first reaction produces T by the capture of slow neutrons in 6Li, while the second produces
T by inelastic scattering of fast neutrons on nuclei of the more abundant 7Li isotope, followed
by subsequent decay of the 7Li into tritons and neutrons.
The large Pb content in Li17Pb (99.3 wt %) results in an effective neutron multiplication by the
Pb (n, 2n)-reaction but this is partly compensated for by the higher 7Li(n, n')T reaction in
lithium. Li17Pb requires enriched Li to achieve a breeding ratio above unity. Overall, the
breeding ratio achievable with Li17Pb with Li enriched to 90% 6Li is slightly higher than the
one in natural lithium (7.5 % 6Li) (Malang 1999).
Li17Pb has also a slight advantage compared to other breeder blankets in regard to the
shielding properties but this can be compensated for by a few additional cm of shield in a
lithium blanket.

Using Li-containing liquids in fusion blankets as a breeder/coolant is a very attractive option
due to potentially higher blanket thermal efficiency (> 40 %) compared to solid breeder
blankets. Besides utilization of different breeders (either molten salts FLiBe or FLiNaBe, or
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liquid LiPb alloys or pure Li), liquid blankets can vary in many other ways depending, for
instance, on: (i) cooling the breeder zone (helium-cooled, dual-coolant, or self-cooled blankets);
(ii) basic flow direction (toroidal, poloidal or radial blankets); (iii) usage of insulating and
structural materials, etc. Typical examples of liquid blankets are DCLL (dual-coolant leadlithium), HCLL (helium-cooled LiPb), and self-cooled lithium/vanadium blankets. In spite of
their attractiveness, liquid blankets have many feasibility issues associated with the nature of
liquid breeders, including their high chemical activity, and interaction with the plasmaconfining magnetic field that may result in various magnetohydrodynamic (MHD) effects.

Liquid metal blankets exhibit many features that make them attractive candidates for both nearterm and long-term fusion applications. These advantages include:
1. Immunity to radiation damage. As liquids there are no concerns related to radiation
damage lifetime.
2. Potential for tritium self-sufficiency without a beryllium neutron multiplier.
Beryllium is an expensive material and the resources are limited. The elimination of beryllium
also simplifies the design options and there are no concerns with Be compatibility and radiation
damage limits,
3. Tritium extraction outside blanket. Since a liquid can be circulated, it is not necessary
to remove the T in-situ. This feature allows for greater flexibility for T removal options and
separates the tritium removal system from the severe environment of the in-vessel components.

2.1.3 Pb-Li in the context of fusion energy

In different blanket concepts Li17Pb is foreseen as T breeder and neutron multiplier: Helium
Coolant Lithium-Lead (HCLL), Water Coolant Lithium Lead (WCLL), Dual Coolant (DCLL)
etc being HCLL concept selected as EU Test Blanket Module (TBM) to be tested in ITER
(Norajitra 2002).
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Fig. 2.2: Left) Dual Coolant Lead-Lithium (DCLL) concept. Taken from Wong et al (Wong 2006).
Right) Cut-off view of a blanket design taken from (Wu 2007).

Much experimental and theoretical work has been done in the past years, covering many aspects
of compatibility between Li17Pb and its environment. Particularly, significant results have been
achieved in the field of corrosion of steels (Barker 1994), refractory metals and ceramic
materials (Zhu 2009), MHD effects (Bühler 2007, Smolentsev 2008) etc. But despite of so many
efforts PbLi-hydrogen isotope interaction and T extraction technology are still critical issues.

Liquid Breeder

Li

Li17Pb

Flibe

Li20Sn80

Melting point (ºC)

180

235

459

320

Density (g/cm3)

0.48

8.98

2.0

6.0

Li Density (g/cm3)
873K

0.48

0.061

0.28

0.09

Breeding property

Good

Fairly good

Neutron multiplier Neutron multiplier
required
required

Chemical stability

Active

Middle

Almost stable

Almost stable

Corrosion

Severe

Middle

HF exist, severe

?

Tritium release form HT, T2

HT, T2

HT, T2, TF

HT, T2

873K

Table 2.I: Physical properties of eutectic LiPb (eutectic point to be determined) compared with other
possible breeding materials.
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In Table 2.1 we compare some physical properties of Li17Pb eutectic alloy, (the exact title, i.e.
Li concentration is still to be determined) with other possible breeding materials as pure lithium,
fluorine-lithium salts (FLiBe) and other eutectics like Li20Sn80. Li17Pb has fairly good breeding
properties and middle chemical activity, and T release would be just T2 and/or HT instead of TF
for example when using FLiBe.

Li

Li17Pb

Flibe

Li20Sn80

Tritium solibility *

Very high

Very low

Very low

Middle

(atom frac Pa-0.5)
(873K)

7.49x10-3

1.93x10-8

HT/T2 1.77x10-11 Pa-1 2x10-7-1x10-5
TF 1.77x10-11 Pa-1

Tritium diffusivity Relatively high
order (m2/s) (873K)
10-9

Relatively high

Relatively high

Relatively high

10-9

10-9

10-9

Thermal conductivity

Li>Li20Sn80> Li17Pb > Flibe

Dynamic viscosity

Flibe>Li20Sn80~Li17Pb >Li

Table 2.II: (I continued) Physical properties of Li17Pb compared with other possible breeding materials.
T solubility and diffusivity is one of the main issues for blanket design.

2.1.4 Li17Pb physical properties

As we have seen Li17Pb present a number of advantages compared to pure Li, LiBe salts or
other Li alloys. In the following section we will compare some physical properties vs
temperature of Li17Pb with the corresponding values of pure Li and Pb. As we will see in
Chapter 5, LiPb system is a strongly non-ideal alloy as can be seen in the excess heat capacity,
resistivity and many other properties. However, some properties like density (see Figure 2.3) at
the eutectic Li concentration are not very different from the linear behaviour.
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Fig. 2.3: Density of liquid Li (Ohse, 1985) and Pb (Brandes 1983, Gurvich 1991) compared to the Li17Pb
(Mas de les Valls 2008). Blue triangles stand for the linear interpolation of Li and Pb densities. Note the
break in the y-axis.

Interestingly, the LiPb density does not depart much from the simple interpolation (blue
triangles) of both Li and Pb densities. This fact will be discussed in Chapter 5 when were we
will study the LiPb system in the whole range of Li concentrations.

The liquid metal (or alloy) viscosity will be another important property for engineering purposes
as it will govern the fluid main properties. In engineering, the kinematic viscosity, ν, is often
used, which is a ratio of the dynamic viscosity η to the liquid density ρ:

  / 

(2.1)

Accurate and reliable data on viscosity of liquid metals are not abundant. Some discrepancies
between experimental data can be attributed to the high reactivity of metallic liquids, to the
difficulty of taking precise measurements at elevated temperatures, and to a lack of a rigorous
formula for calculations. All liquid metals are believed to be Newtonian liquids.
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Fig. 2.4: Viscosity of liquid Li (Ohse, 1985) and Pb (Brandes 1983, Gurvich 1991) compared to the
Li17Pb eutectic (Mas de les Valls 2001). Blue triangles stand for the linear interpolation.

The departure of viscosity from ideal linear behaviour (νPbLi = xPbνPb+xLiνLi) can be regarded as
another example of strong interaction between Li and Pb leading to short range order (SRO).
Moelwyn-Hughes (Moelwyn-Hughes 1964) has proposed the following equation to calculate
the viscosities for a binary liquid mixture through the enthalpies of mixing, that is


H E
   x11  x11 1  2
RT






(2.2)

where η represents viscosity of solution, ηi the viscosity of the pure component i and xi mole
fraction. ΔHE is the integral molar enthalpy of mixing, R the gas constant, and T temperature in
Kelvin. Eq. 2.2 can be rewritten as



  id 1  c AcB


2 

k BT 

(2.3)
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Where ω is the interchange energy (Singh 1997)
Hence, η < ηid for ω > 0 and vice versa, η > ηid for w < 0 corresponding to segregating demixing
liquid alloys (positive SRO). Mathematical definition of SRO is given in Chapter 5 with further
discussion of SRO in LiPb alloys.

Particle diffusion in fluids is an old scientific problem and of great importance in various
studies, including chemistry, physics, material synthesis, and many areas in engineering (Stokes
1851, Einstein 1905, Mazo 2002). The diffusion of a solute is conventionally described by the
well-known Stokes-Einstein (SE) relation,

D  k B T / C  R

(2.4)

where D is the diffusion coefficient of the solute, R the radius, and η the viscosity of the solvent.
The constant C is determined by the hydrodynamic boundary condition, being 4 for the slip and
6 for the stick boundary condition, respectively.

However, if the size of the diffusing particle is not large compared to that of the solvent, the
Stokes-Einstein relation is not expected to remain valid. (This will be discussed in more detail
in Chapter 6)
The Stokes-Einstein relation predicts a diffusion that does not at all depend on the mass of the
solute. This is completely opposite to the kinetic theory prediction. For example, the Enskog
theory predicts a square root mass dependence, as given by the following expression:

DE 

3
8  g ( )
2

k BT
2

(2.5)

Where μ is the reduced mass of the solute-solvent pair, σ is the diameter of the solvent, and g(σ)
is the value of the radial distribution function at contact (the x position of the first peak in g(r)).
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But neither the kinetic theory nor the hydrodynamic theory can predict the correct mass
dependence of diffusion. Clearly, the hydrodynamic and the kinetic theories describe two
opposite limits of diffusion. While the first one assumes the validity of the Navier-Stokes
hydrodynamics at molecular length scales, the second one tends to describe diffusion only in
terms of binary collisional dynamics. While hydrodynamics assumes that the diffusion occurs
via the coupling of the solute velocity with only the collective transverse current mode of the
solvent, the Enskog kinetic theory neglects coupling of the solute motion to all the
hydrodynamic modes. In both these pictures the diffusion due to the structural relaxation of the
surrounding solvent is totally neglected.
The more recent mode coupling theory seems to interpolate between the two limits and takes
into account the contributions of the structural relaxation. When the solute mass becomes
significantly larger than the solvent molecules, the expression for the density contribution to
friction (Bhattacharyya 1997, Bagchi 2001) leads to an inaccurate result – it predicts an
increase of diffusion with mass.
The diffusion of hydrogen and its isotopes will be further discussed in Chapter 6.
Thermal conductivity is not accessible to our classical MD simulations. Only the estimation of
the phonon contribution is possible but the main part of the conductivity will have an electronic
origin.
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Fig. 2.5: Thermal conductivity of liquid Li (Ohse, 1985) and Pb (Brandes 1983, Gurvich 1991) compared
to the Li17Pb (Mas de les Vals 2008).
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In next figure we show the thermal conductivity of Li17Pb compared to the pure liquid ones. As
can be seen according to the experimental values of these systems the Li17Pb conductivity is
almost that of the pure Pb.
The thermal conductivity, k, can be written as

k

n  cV
3N A

(2.6)

Where n stands for the number of particles per volume, <v> represent the mean particle
velocity, λ is the mean free path, cV is the molar heat capacity and NA is the Avogadro’s
number. Thermal conductivity and electrical resistivity are related by the well known
Wiedemann Franz law;

k



 LT

(2.7)

Where σ is the electrical conductivity and L the Lorenz number (2.44x10-8 W Ω K-2). Electrical
resistivity is an important property to understand different magnetohydrodynamic effects in the
liquid melt flow (Bühler 2007, Hongli 2008).
But using classical MD, only the phonon contribution to thermal conductivity is accessible. And
for liquid metals this represents a small percent of the total conductivity (less than 10 % for
most metals).

Another important physical property accessible to MD calculations is the surface tension. The
surface tension, γ0, can be derived from the pressure tensors as:

0 

1 
1

Lz  Pzz  Pxx  Pyy 
2 
2


(2.8)

The surface tension value and its temperature dependence are essential for describing surfacetension-driven flow on the liquid surface.
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Fig. 2.6: Surface tension of liquid Li (Ohse, 1985) and Pb (Brandes 1983, Gurvich 1991) compared to the
Li17Pb (Mas de les Valls 2008).

It is to be noted that two simple liquid metals do not necessarily form a simple alloy, e.g., LiPb,
NaPb, etc. The electrical resistivity rises from typical simple metal values at the ends of
concentration range to a very high value in between. There is clearly a profound change in the
conduction electron character and the system deviates from a nearly free electron (NFE)
behaviour. This will be carefully examined in Chapter 5.

2.1.5 Hydrogen isotopes inside liquid LiPb

The main motivation of our atomistic study of LiPb alloys is to study with powerful tools one of
the most important unsolved problems concerning the use of liquid metals for breeder blankets;
only the order of the diffusivity is known, and dispersion in solubility results depending on the
technique makes the database inadequate for design purposes. Some reason seems to be the
strong dependence of tritium solubility with Li concentration. This is one of the main reasons
that make so important the exact determination of eutectic point in the LiPb system. (See Fig.
2.7). However, some recent results show how solubility is not so Li-concentration dependent
(Karasawa 2012).
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Fig. 2.7: Tritium solubility database. Scatter reflects experimental approaches and measurement
techniques applied. Knowledge of dynamic transport properties (diffusion, mass transfer, interface
processes) is much more limited.

Tritium recovery from lithium metal and the liquid Li17Pb alloy has been investigated using
several extraction processes of gas sweeping, metal window, metal getter, etc (Pieroni 1984,
1985, Sze 1985). The sweep gas bubbling method is considered to be the most promising for
the liquid Li17Pb alloys.
The extraction rate of the T from the LiPb alloys has been studied as a function of the heating
temperature, the flow rates of the bubbling gas and H, contents in the sweep gas (He) (Saibene
1988, Terai 1992). However there is no data on the effect of the bubble diameters on the
extraction rate, which is the key factor to design the T extraction system in the blanket and the
fuel cycle of fusion reactors. The evaluation of the bubble diameters is difficult, because the
bubbles are not visible in the liquid Li17Pb. It is important to develop a method to analyze the
bubble diameters of the sweep gas. Based on the experimental data, empirical equations are
proposed for the evaluation of the bubble diameters in liquids and examined their applicability
especially for the liquid Li17Pb alloy (Mas de les Valls 2008).

Diffusion coefficient and Sievert’s constants for H (D and T) has been measured but consensus
is poor (Mas de les Valls 2008). Sievert’s constant largely depend on the experimental
technique used. As far as we are concerned the more recent experiments are given in (Edao
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2011). The diffusivity of H is much closer to that of D, and the isotope effect of diffusivity
between H and D is small. The solubility of D is around 1.4 times larger than that of H in the
temperature range from 573 to 873 K.

2.1.6 Helium inside liquid LiPb

As far as we are concerned He solubility in PbLi is unknown. In next graph we show the He
solubility in liquid Li, Pb and Li17Pb. The solubilities of rare gases increase in a consistent
manner with decreasing atomic radius of the rare-gas solute atom; conversely, the solubility of a
given gas decrease with decreasing atomic radius of the solvent liquid-metal atom (Reed 1970).
Helium solubility inside liquid Li can be written as: logχ = -7.323 - 846/T (K), derived from
data in (Stolnick 1965) and valid from 649 to 871°C (872 to 1124 K). Solubility data for He
inside liquid Pb can be found in (Shpil’rain 2007).
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Fig. 2.8. He solubility (in mole of gas/mole of metal units) vs temperature (in K) in liquid Pb, Li and
Li17Pb. Data taken from (Reed 1970) and (Shpil’rain 2007), blue triangles (this work).

Assuming that the solubility of inert gases in metal melts is an additive property (Shpil’rain
2007), the following equation may be written for their solubility in a two-component Li17Pb
eutectic in the liquid phase:
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x1PbLi  x1Pb y Pb  x1Li y Li
(2.9)

where xPb, xLi and xPbLi is the solubility of inert gas in liquid lead, lithium, and Li17Pb alloy per
mole of gas/mole of metal, respectively; and yPb and yLi denote the molar concentration of lead
and lithium in the Li17Pb eutectic, respectively. Parameters for He solubilities are collected in
Table 2.III.

He-Pb

He-Li

He-PbLi

-A

4.371

-7.323

4.433

-B

1645.994

- 846

1643.84

Table 2.III. Coefficients of approximating equation log x12 = A +B/T.

As can be seen in Figure 2.8 the He solubility in Li17Pb is almost the same as that of pure Pb.
However, the solubility and diffusivity of H, D or T could be quite different in Pb and in
Li17Pb. An important issue is to understand how much it depends on the Li concentration and
Li order inside the liquid alloy.
In order to have an order of magnitude for H diffusivity in Li17Pb is possible to proceed in a
rough qualitatively form as proposed in (Mas de les Valls 2008). Comparison of diffusion data
for H and He in Li related it with data for H in the eutectic provides such as estimation, i.e.:

PbLi
DHe
DHPbLi

Li
DHe
DHLi

(2.10)

The results obtained that way are summarized in the following graph.
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Fig. 2.9. Helium diffusivity vs 1/T in liquid Li17Pb estimated from He and H diffusivities inside liquid Li
(taken from (Mas de les Valls 2008)).

This approximation could be wrong as we will see in Chapter 6 when we study H diffusion in
different liquid metals. In fact the expression (2.10) is true if we assume that the ratio of
diffusivities is equal to the inverse ratio of masses as can be seen with a little of algebra. This
crude affirmation is, in general, what we observed for H in liquid metals (Al, Ni and Pd)
calculated with different potentials, but in clear disagreement with experimental results.

2.1.7 Helium bubbles inside liquid metals

Cavitation in fluid machinery has been a serious issue in many hydraulic applications, causing
erosion of solid surfaces and resulting sometimes in destruction of structures (Arndt 1981,
Karimi 1986). Cavitation in liquid mercury (Hg) is now a significant issue in the development
of pulsed high-power spallation neutron sources, in which liquid Hg is bombarded by a high
intensity proton beam to produce high neutron fluxes. In off beam experiments (Futakawa
2003), it was suggested that high-intensity pressure waves originating from the energy release
due to spallation reactions would cause cavitation in Hg, and the associated erosion (cavitation
erosion) would significantly reduce the lifetime of the target vessel in which liquid Hg flows.
In ref. (Futukawa 2008) three kinds of numerical simulations are carried out by using macro-,
meso-, and microscale codes presenting another interesting example of multi-scale problem.
One of the potential approaches to mitigating the cavitation erosion or preventing the cavitation
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itself is to inject gas bubbles into liquid Hg. As has been demonstrated in previous studies
(Carstensen 1998, Wijngaarden 1989), gas bubbles in a liquid change the dynamic and acoustic
properties of the liquid and can, in some situations, act as an absorber of sound through their
volume change or volume oscillation in response to pressure change. Figure 2.10 shows
schematically the process.

Fig. 2.10. Mechanisms of the pressure wave mitigation by bubbling (Futakawa 2008).

Helium behaviour inside liquid Pb, Li or LiPb alloys will be studied from an atomistic point of
view but first will be necessary to develop the correspondent interatomic potentials (He-Li and
He-Pb). The necessary ab initio calculations to calculate the forces etc will be explained in
detail in Chapter 7. Here we stress some of the problems facing with He inside liquid metals.

An initial stage of bubble formation takes a long time compared to a typical MD-time scale, ~
10-9 seconds (Insepov 2007). To two processes, with different time scales have to be taken into
account:

1. Slow process – formation of a critical nucleus.
This process could be studied by the kinetic theory balance equations (Frenkel 1947). However,
for using this theory, we would need all the kinetic association and dissociation coefficients that
should be obtained from experiment or calculated by Molecular Dynamics. The number of
kinetic coefficients could be reduced by using the scaling theory (Binder 1976). Still, this would
be a huge computational task.
2. Fast process – Bubble collapse and sputtering.
74

This part is “easy” to model by MD, typical times are about 10-12 sec (Insepov 2007).

The growth mechanism of cavitation bubble nuclei and the dependence with time for the growth
of the mean radius using MD simulations has been investigated, for example, in (Tsuda 2008).
MD simulations have been performed to investigate the microscopic dynamics of a bubble when
liquids are locally heated (Okamura 2003). The bubble dynamics in that process agrees with the
results of the Rayleigh-Plesset equation which describes the dynamics of a bubble in terms of
macroscopic hydrodynamics, i. e. the hydrodynamic description is reliable even for microscopic
bubbles (Okamura 2003). In both abovementioned studies they made use of L-J potentials (they
simulated Ar, He etc). As far as we are concerned, little work has been made in the past about
bubbles in liquid metals using realistic potentials.

He-Li and He-Pb potentials have to be developed. In a recent work Soldan et al presented a Li+He interatomic potential (Soldan 2001). However the potential proposed in that paper means to
be used to simulate the interaction of the Li ion with He atoms, but not to study He inside
neutral pure lithium as we pretend [T.G. Wright private communication].
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Chapter 3

Molecular Dynamics in short

In 1952 MANIAC (one of the first computers) was operational at Los Alamos after the
Manhattan project. Metropolis, Rosenbluth and Teller developed the Metropolis Monte Carlo
method (MC) to address the entropic free energy problem (Metropolis 1953). This paper
introduced the MC technique to the solving of physical equations. It described the idea of using
random numbers to project a representative subset of conformational space, whilst using the
exponent of the energy as a probability filter. To use this method properly, you also need a
mathematically correct random number generator. This study can be considered the beginning
of computer simulations.
Few years after Alder and Wainwright (Livermore 1956) run the first molecular dynamics (MD)
simulation looking at the dynamics of hard spheres (Alder 1959). And soon after Vineyard et al.
(Brookhaven 1959-60) studied the radiation damage in copper (Rahman 1964). Also some few
years after Rahman (Argonne 1964) studied with a Lennard-Jones (LJ) potential the dynamics
of liquid Argon. An LJ potential is very accurate to describe rare gases that repel each other at
very close distances and at large distances attract each other with the weak dipole-dipole
interaction that goes 1/r6 (Lennard-Jones 1924). The interatomic potential (or potentials in a
binary system) is the key of a good simulation (if the implementation of the MD code is
correct). Interatomic potentials will be described in section 3.4.

MD is a powerful tool to simulate and understand all kinds of systems spanning from solids to
liquids under different conditions. In this chapter we will make a very short introduction to the
basis of Classical MD.
Atomistic simulations generate information at the microscopic level. The conversion of
microscopic information to macroscopic observables such as pressure, energy, heat capacities,
etc., requires statistical mechanics. The main idea behind using atomistic simulation is to
describe system’s macroscopic behaviour in terms of microscopic information and to obtain
information that is not easily obtained from experiments.
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3.1 Thermodynamical ensembles

Atomistic simulations are conducted under well-defined thermodynamic conditions. These
conditions specify the “ensemble” of the systems (Frenkel, 1996, Greiner 1997). Atomistic
simulations are commonly classified into two categories: equilibrium (EMD) and
nonequilibrium (NEMD). By nonequilibrium we mean a fluid which is acted upon by an
external field. This field drives the fluid away from equilibrium and, if sufficient time is
available, towards a nonequilibrium steady-state (as long as the field itself is predictably well
behaved). NEMD examples are radiation damage, shock waves and viscosity calculations.
There are many subtleties associated with NEMD. For a more comprehensive description, see
references (Evans 1984, 1990, Sarman 1998). In equilibrium atomistic simulations, the system
is completely isolated from its surroundings with a fixed number of atoms, volume and constant
total energy. These boundary conditions correspond to the microcanonical (NVE) ensemble in
statistical mechanics. The natural ensemble is the microcanonical because Newton’s equations
lead naturally to energy conservation. Unfortunately, the microcanonical ensemble does not
correspond to the conditions under which most experiments are carried out. To run simulations
at other non-NVE statistical ensembles we must introduce a thermostat and/or a barostat in the
system. Depending on the equations of motion that describe the system of atoms, these
calculations may correspond to the canonical (NVT) and/or the isothermal isobaric (NPT)
ensemble in statistical mechanics. There are several schemes that have been devised to
thermostat systems treated with atomistic simulations. A brief description of the thermostating
methods used in this work is given in Section 3.2.2.

Independent

Dependent

Ensemble

NVE

μPT

Microcanonical

NVT

μPE

Canonical

NPH

μVT

Isoenthalpic-isobaric

NPT

μVH

Isothermal-isobaric

μVL

NPT

Grand-microcanonical

μVT

NPL

Grand-canonical

μPR

NVT

Grand-isothermal-isobaric

μPT

NVR

Generalized

Table 3.I. Different ensembles, their names and the independent and dependent properties in each case.

78

3.2 Molecular Dynamics

Molecular dynamics (MD) is a computer simulation method to follow the motion of particles
with time by numerically integrating classical equations of motion. A general flow chart for a
classical MD simulation is shown in Fig. 3.1. When an MD simulation is started for the very
first time, one needs to specify the initial arrangement of the atoms in space, (starting crystal
structure for example), their initial momenta and parameters that determine the interatomic
potential.

Fig. 3.1. A general flow chart for molecular dynamics simulation. Up-right corner shows an initial
sample of LiPb (B2 phase). Down-right corner shows the sample in liquid phase.
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The momenta in some cases need to be scaled such that they match an initial input temperature.
Atoms in the system interact with each other through an interatomic potential, Φ(r). Interatomic
potentials will be shortly reviewed in Section 3.4. A neighbour list allows one to reduce the
number of possible interactions one needs to consider. The neighbour list is created at the
beginning of the simulation and upon subsequent calls, the list gets updated automatically (see
LAMMPS manual for details). Forces between particles are calculated from the gradient of the
energy function. The time integration algorithms allow one to integrate the equation of motion
of the interacting particles and follow their trajectory.
Knowing the positions and some of their time derivatives at time t (the exact details depend on
the type of algorithm), the integration scheme gives the same quantities at a later time t+δt. For
constant temperature (or pressure) simulations, atoms are also required to interact with a
thermostat (or barostat). By iterating the above procedure, the time evolution of the system can
be followed for long times. After a period of time the system approaches thermodynamic
equilibrium and the physical properties of interest can then be calculated.

The major task of the MD simulation is to predict the time-dependent trajectories in a system of
interacting particles. For this purpose, time-integration algorithms were devised to solve the
equations of motion based upon truncated Taylor’s expansions with respect to time. Detailed
descriptions of these simulation algorithms can be found elsewhere (Burkert 1982, Hoover
1986, Rapaport, 1995, Frenkel, 1996). A nice review of methods for simulation of liquids can
be found in (Allen 1987) as well as in (Ercolessi 1997).

3.2.1 Integrators

Different methods can be used to solve the classical equations of motion. Two popular
integration methods for MD calculations are the velocity Verlet algorithm (Verlet 1967) and the
predictor-corrector algorithms (Nordsieck 1962, Gear 1971). Both Verlet and rESPA, (for
reversible reference system propagator algorithms) (Tuckerman 1992) algorithms are integrated
in LAMMPS package. In Figure 3.2 we show how both algorithms are almost equivalent from a
“computational cost” point of view. The simulation corresponds to the heating of a small Pb
sample using the Embedded Atom Method potential (EAM) developed in (Zhou 2001).
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Fig. 3.2. Computer CPU time (in seconds) with two different integrators in different simulation stages
(from left to right; NVE, Berendsen heating and final equilibration with N-H thermostat).

3.2.2 Thermostats

Appropriate temperature (T) control methods must be incorporated into simulations that
maintain constant T. The temperature is defined by the ensemble average of the kinetic energies
of all particles as:

1 2
k T
mv  B
2
2

(3.1)

Therefore it is impossible to fix T exactly at a set point. Two techniques for T control are
commonly used: (i) Direct velocity rescaling and (ii) The extended system method. Direct
velocity rescaling involves resetting the velocities of the particles at each time step so that the
total kinetic energy of the system remains strictly constant. They suffer the drawback that they
are not time-reversible or deterministic, properties that become important in some advanced MD
techniques (Hünenberger 2005). In the extended system method, the system is allowed to
interact with the surrounding environment through some thermal constraints. The system may
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be coupled to a heat bath to ensure that the average system temperature is maintained close to
the requested temperature.
When this is done the equations of motion are modified and the system no longer samples the
microcanonical ensemble. Instead trajectories in the canonical (NVT) ensemble are generated.
Many different methods exist to specify the interaction between the atomic system and the
environment (Hünenberger 2005). The Nose-Hoover thermostat is one such method and has
been used in our MD simulations.
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Fig. 3.3. Comparison of two different algorithms (black and green lines rESPA and red and blue ones to
Verlet) in a MD run simulating the heating of a Pb sample with two different EAM potentials ((Pb) Zhou
2001) and ((Pb-Cu) Hoyt 2003).

3.2.3 Nosé-Hoover Thermostat

The Nosé-Hoover (NH) thermostat is an extended system thermostat that incorporates an
external temperature reservoir into the system. The equations of motion for the system are
augmented by a frictional coefficient, ξ, which couples the system dynamics to the reservoir.
William G. Hoover (Hoover 1985) extended the analysis of Nosé (Nosé 1984), who proposed
first such equations for the NVT ensemble, and developed the following equations for the NVT
ensemble.
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where f is the degrees of freedom of the physical system (e.g. 3N), T is the desired temperature
and Q is the fictitious mass of the additional degree of freedom (reservoir). The choice of Q is
critical in the implementation of this thermostat (Hünenberger 2005). The thermodynamic
friction constant dynamically alters the velocities of the individual atoms such that the
temperature of the system is adjusted towards the desired temperature. The NH thermostat is
more complicated than other methods but it is also the best and most used thermostat today for
NVT simulations.

3.2.4 Periodic boundary conditions

Despite the rapid advancement of computer power, simulating systems with more than a few
million atoms at one time is still expensive. Simulations are therefore limited to systems with
tens of thousands atoms on personal computers and about a billion atoms on super computers.
To model a macroscopic system in terms of a finite simulation system of N particles, the
concept of periodic boundary conditions (PBC) is often employed (Frenkel 1996). They are
useful for simulating a part of a bulk system with no surfaces present and they have been used
in all of our simulations.
Figure 3.4 illustrates the concept of PBC. The primary cell is outlined with solid lines and it
represents an actual system one is interested in simulating. The primary simulated box is
replicated throughout space to form an infinite lattice. Every atom in the simulation box
therefore has an exact duplicate (image) in each of the surrounding image cells. A result,
whenever an atom leaves the simulation cell, it is replaced by another atom with exactly the
same velocity, entering from the opposite cell face. Therefore, the number of atoms, N, in the
cell is conserved. Note that atoms that lie near the borders of the primary computational cell
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interact with neighbour atoms across the periodic boundary. While PBC remove the effects of
free surfaces, they impart image constraints on the system that must be taken into consideration
when simulating defect behaviour with long-range interactions.

Fig. 3.4. Illustration of periodic boundary conditions in 3D.

3.3 Computational details

The MD simulations are implemented using the LAMMPS software. LAMMPS, also known as
Large-scale Atomic/Molecular Massively Parallel Simulator (Plimpton 1995). Other popular
MD codes are MOLDY (Refson 2000) and MDCASK (Almazouzi 1998) to name a few. The
power of LAMMPS resides in the possibility of run in parallel through the Message Passing
Interface (MPI) (Gropp 1999) or OpenMPI. Recently, LAMMPS is being adapted to be used on
GPUs, (graphics processing unit).
First step in this work has been to establish a MD protocol for liquid metal simulations. The
details of each simulation depend on the physical property or properties under study. In a few
words our MD protocol can be summarized as follows:
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3.3.1 Sample creation

The simulation code needs two inputs, one is the interatomic potentials giving the forces
between different species and two, the initial position of atoms. Our systems are Li, Pb and
mixtures of LiPb at different concentrations as well as H (at low concentration) inside metals,
(Al, Ni and Pd, see Chapter 6). For Li and Pb we started in general from the crystal structure at
normal conditions, i.e., fcc for Pb and bcc for Li. For LiPb mixtures we start from an fcc lattice
with random distribution of Li atoms and also from a bcc B2 phase CS for LiPb in the 50-50
composition (See Chapter 5).

3.3.2 Energy minimization.

The code performs an energy minimization of the system by iteratively adjusting atom
coordinates. Iterations are terminated when one of the stopping criteria is satisfied. The
objective function being minimized is the total potential energy of the system as a function of
the N atom coordinates.
The algorithm used for minimization is the conjugate gradient (CG) in the Polak-Ribiere version
(Polak 1971) of the CG algorithm (Hestenes, 1952). At each iteration the force gradient is
combined with the previous iteration information to compute a new search direction
perpendicular (conjugate) to the previous search direction. The PR variant affects how the
direction is chosen and how the CG method is restarted when it ceases to make progress. The
PR variant is thought to be the most effective CG choice for most problems.

3.3.3 Initial heating in the microcanonical ensemble (NVE).

We perform first a short heating of the sample in the microcanonical ensemble. During the NVE
integration velocities and positions of atoms are updated each timestep. N is the number of
atoms, V is the volume and E is the total energy. This creates a system trajectory consistent with
the microcanonical ensemble (Frenkel 2002) and serves us to check proper energy conservation
(and timestep). This first stage corresponds to the first 5 ps in Figure 3.3.
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3.3.4 Berendsen thermostat and barostat.

In the Berendsen temperature control scheme (Berendsen 1984), all velocities are scaled at each
time step by a factor l given by

  1

t  T0

  1
T  T


(3.3)

Where, Δt is the time step of the simulation, τT is the time constant for temperature control and
has to be greater than 100Δt, T0 is the desired temperature and T is the current temperature.
The Berendsen pressure control is implemented by changing all atom positions, and the system
size is scaled at each time step by a factor m given by


  t
P0  P 
  1 
P



1/ 3

(3.4)

Where τP is the time constant for pressure control which should be typically greater than 100Δt,
P0 is the desired pressure and P is the current pressure, b is the isothermal compressibility of the
system. This type of temperature and pressure scaling gives realistic fluctuations in the
temperature and pressure when large values of tT and tP are chosen.

3.3.5 Final heating and equilibration: N-H thermostat-barostat.

As final step in our MD we run a “long” constant NPT using the Nosé-Hoover thermostat (and
barostat) (Nosé 1984, Hoover 1985, Martyna 1994). This creates a system trajectory consistent
with the isothermal−isobaric ensemble. This is probably the more generic and the more
powerful approach to the problem of thermalization. We are adding to our set of equations of
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motion an additional (to positions and velocities) dynamical variable. That additional dynamical
variable is a tool that either slows down or accelerates our particles in order to fluctuate
appropriately around the target temperature.
These steps can be seen in Figure 3.3. During the initial heating the total energy is exactly
conserved. In the second step the Berendsen thermostat increases the temperature up to the
desired value (the total energy is not a conserved quantity here), and finally the NH thermostat
equilibrates the system. The control of T (or P) is specified in LAMMPS with a damp parameter
in time units (usually 100 timesteps for Tdamp for example). The effect of these damp values in
the final values of different properties has been benchmarked.

3.4 Interatomic Potentials

The key and soul of a MD simulation, (once all the algorithms are well implemented in the
code) is the set of potentials used to describe the different interactions. When choosing
potentials one should consider the following characteristics: (1) Accuracy (reproduce properties
of interest as closely as possible). (2) Transferability (can be used to study a variety of
properties for which it was not fit). And (3) Computational speed (calculations are fast with
simple potentials). The choice of the interatomic potential depends on the area of intended
application, there are (almost) no “good” or “bad” potentials, there are potentials that are
appropriate or inappropriate for a given problem. High accuracy is typically required in
Computational Chemistry, computational speed is often critical in Materials Science (processes
have a collective character and big systems should be simulated for long times).
As we explained before we want to study Li17Pb alloys as we as He behavior in liquid metals
and alloys but the high temperature conditions makes not easy and expensive to perform such
kind of experiments so we decided to develop the interatomic potential for the relevant
interactions (Pb-Li He-Pb, He-Li). This will be described in detail in Chapter 5 and 7.
The simplest classical pair potentials include the hard-sphere potential, square-well potential,
and soft-sphere potential (Allen, 1987). More idealized yet still simple pair potentials include
the Lennard Jones potential (Lennard-Jones 1924), Morse potential (Morse 1929, 1930), and
Born–Mayer potential (Born 1932).
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Fig. 3.5. Pair interatomic potential, V(r) vs interatomic distance. Two distinct regimes depending on the
distance are shown, repulsion (due to Pauli principle) and dipole-dipole attraction.

The Lennard-Jones (also known as 12-6 or simply L-J) potential is defined as

  12    6 
V ( r )  4      
 r  
 r 

(3.5)

Where ε is the depth of the potential well and σ is the (finite) distance at which the interparticle
potential is zero and r is the distance between the particles (V(r) = 0).
The term ~1/rij12 - the repulsion between atoms when they are brought close to each other. Its
physical origin is related to the Pauli principle: when the electronic clouds surrounding the
atoms starts to overlap, the energy of the system increases abruptly. The exponent 12 was
chosen on a practical basis: L-J potential is particularly easy to compute. In fact, on physical
grounds an exponential behavior would be more appropriate.
The term ~1/rij6, dominating at large distance, constitute the attractive part and describes the
cohesion to the system. A 1/r6 attraction describes van der Waals dispersion forces (dipoledipole interactions due to fluctuating dipoles). These are rather weak interactions, which
however are responsible for bonding in closed-shell systems, such as inert gases.
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The L-J potential provides a good description of van der Waals interaction in inert gases and
molecular systems (Ar, Kr, CH4, O2, H2, C2H4, etc.). Parameters are given in (Matyushov 1996).
Parameters for inert gases can be also found in Ashcroft-Mermin textbook (Ashcroft 1976).

Helium

Neon

Argon

Kripton

Xenon

ε (K)

10.97

42.25

143.235

201.200

282.289

σ (Å)

2.6456

2.7538

3.3472

3.5708

3.8868

Table 3.II. Potentials and parameters of the rare gas series taken from (Lombardi 2008).

Today L-J potential is also often used in simulations when the objective is to model a general
class of effects and the only requirement is to have a physically reasonable potential. This is the
main reason for popularity of Lennard-Jones potential. Interestingly, LJ pair potential
parameters for solvents can be calculated from gas solubility data by using the scaled particle
theory to calculate the work of cavity formation (Wilhelm 1971).

Morse – similar to Lennard-Jones but is a more “bonding-type” potential and is more suitable
for cases when attractive interaction comes from the formation of a chemical bond. Proposed by
P. M. Morse in 1930, it was a popular potential for simulation of metals that have fcc and hcp
structures (Morse 1929, 1930). A fit for many metals is given in (Girifalco 1959).





V (rij )   exp 2 rij  r0  2 exp  rij  r0 

(3.6)

6-exp (Buckingham) potential – exp term (Born-Mayer) provides a better description of strong
repulsion due to the overlap of the closed shell electron clouds, which is important in simulation
of bombardment by energetic atoms or ions, etc (Buckingham 1938).

V (rij )  A exp rij / RBM  B / rij6
(3.7)
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Exponential term for repulsion (Born-Mayer potential) is typically used in simulations where
high-energy inter-atomic collisions are involved (Born 1932).

The error in the pair-potential approximation arises from the fact that, in general, the bonds
between atoms are not independent of each other. A solid described by any central-force pair
interaction, such as the Lennard-Jones pair potential, has the ideal ratio of C12/C44 of 1. So do
the rare gases, which are the prototype L-J systems. However, fcc metals generally have C12/C44
closer to 2. Some metals, like Au and Pt, have high values of C12/C44 , between 3 and 4.
Next figure shows, schematically the different physical properties or phenomena and their
relation with the different parts of a pair potential.

Interstitials
Equilibrium
Vacancies

Thermal Expansion
Elastic & Vibrational
High pressure

Fig. 3.6. Schematic relation of some physical properties with the interatomic potential.

Many-body effects in the interaction are present in inert gases as well and potentials more
accurate than L-J have been developed for rare gases. Many body effects can account for up to
10 % of total energy. The vacancy formation energy, Ev, is significantly overestimated by pair
potentials predicting Ev~Ec where Ec is the cohesive energy, while Ev=0.25Ec for Au and
Ev=0.33Ec for Cu.
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Another popular method is the so called the tight binding method (TBM). The TBM, also
called method of linear combination of atomic orbitals (LCAO), was originally proposed by
Bloch (Bloch 1928) and later revised by Slater and Koster (Slater 1954) in the context of
periodic potential problems. This method can be powerful to include magnetic properties as
done by recently Paxton et al (Paxton 2008, 2010).

To overcome all the problems related with pair potentials several many-body approaches have
been developed. The interactions between atoms can be described by a classical many-body
potential like the proposed by Finish and Sinclair (Finnis 1984), within the “glue” scheme
(Ercolessi 1988), or by means of an Embedded Atom Method (EAM) potential (Daw 1983,
1984, Foiles 1985), that is the common choice today.
These methods are similar and sometimes mathematically equivalent so we will not discuss the
details here. In general the three functions, the pair potential, V(r), the embedding function,
F(ρ), and the electron density, ρ, are constructed by fitting to cohesive energy, surface energy,
elastic constants, phonon frequencies, thermal expansion and melting temperature of the
element under consideration. A detailed description of the Li and Pb EAM potentials used along
this Thesis will be given in Chapter 4. Here we will just mention some theoretical
considerations about the origin of this kind of potentials.

Within the EAM (Daw 1983, Foiles 1985), the total energy of the system is given by the sum of
the single-atom energies, Ei, where

Ei  F  i  

1
  rij 
2 j

(3.8)

with

i   f rij 

(3.9)

j

Here ρ(rij) can be viewed as the electronic density that atom i ‘sees’ due to atom j and F[ρi] as
the corresponding embedding energy of atom i when placed in the electronic density arising
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from the surrounding atoms. Φ(rij) can be interpreted as the effective inter-atomic potential due
to electrostatic interaction as well as any modifications that the electronic response may entail.

3.5 Theory of EAM potentials

The basic theory of EAM potentials has its roots on density functional theory (DFT) and the
quasy-atom concept (Stott 1980). Solution of the Schrödinger equation yields the electron
density established by a given potential, and the energy is a functional of that potential.
Hohenberg and Kohn (Hohenberg 1964, Kohn 1965) show the converse: that the energy is a
functional of the density, and the potential is determined to within an additive constant by its
electron density. Stott and Zaremba (Stott 1980) proved a useful corollary, that the energy of an
impurity in a host is a functional of the electron density of the unperturbed (without the
impurity) host. This result will be important in Chapter 7.
We start with the density-functional expression for the cohesive energy of a solid (Hohenberg
1964, Kohn 1965):

Ecoh  F   

Zi Z j
Z  (r )
1
 ( r1 )  ( r2 )
1
 i
dr1dr2  E at
'
dr   

2
r12
2 i , j Rij
r  Ri
i

(3.10)

where the sums over i and j are over the nuclei of the solid, the primed sum indicates omission
of the i =j term, Zi and Ri are the charge and position of the ith nucleus, the integrals are over r
(or r1 and r2), and r12 =│rl-r2│. Eat is the collective energy of the isolated atoms. F[ρ] is the
kinetic, exchange, and correlation energy functional. We can go from Eq. (3.10) to Eq. (3.8)
making the following two assumptions: (1) F[ρ] can be described by





F     g  ( r ),   ( r ),  2  ( r ),... dr

(3.11)

92

where g is the density and is assumed to be a function of the local electron density and its lower
derivatives; and (2) the electron density of the solid can be described as a linear superposition of
the densities of the individual atoms (as described in Eq. 3.9)

 s (r )   i2 r  Ri ...
i

(3.12)

The first approximation is motivated by studies of the response function of the nearly uniform
electron gas (See EAM review (Daw 1993)). The second approximation is justified by the
observation that, in many metals, the electron distribution in the solid is closely represented by a
superposition of atomic densities. In addition, due to the variational nature of the energy
functional, errors in the assumed density should only affect the energy to second order. It is also
useful for us to define the embedding energy for an atom in an electron gas of some constant
density ~ (neutralized by a positive background):



  

Fi ( i )  F ia  i  F ia  F i 

(3.13)

Semi-empirical approaches to determine the functions Φ, ρ, and F, were firstly developed by
Daw, Baskes and Foiles et al (Daw 1983, 1984, Foiles 1985). The pair interaction between
atoms of types A and B can be expressed as

 AB ( r ) 

Z A (r ) Z B (r )
rAB

(3.14)

where ZA(r) and ZB(r) are the effective charge of atoms A and B, respectively. They are
constructed to be positive and to decrease monotonically with increasing separation distance.
(Strictly speaking the requirements are not always necessary for the EAM. Some examples can
be found in (Sinnott 1991)). The effective charge is computed according to (Hohenberg 1964)
by
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Z (r )  Z0 (1  r ) exp(r )

(3.15)

Here Z0 is the number of outer electrons of an atom. The parameters α, β and υ are determined
from the bulk properties of metals, for example, the cohesive energy, surface energy, elastic
constants, phonon frequencies, thermal expansion and melting temperature.

The many-atom interactions in the EAM originate with the embedding function. That is because
the embedding function is non-linear for chemically active elements. This non-linearity reflects
the saturation of the metallic bond by increasing the background density. This saturation of the
bond can be related to the Pauli’s exclusion principle. From this, one can see that the nature of
the metallic bonding requires the embedding function to have positive curvature; that is, F" > 0.

There are two caveats to become aware of at this point. First, the EAM will not work as well for
systems where directional bonding is important, such as semiconductors and elements from the
middle of the transition series (see Carlsson’s review for more details (Carlsson 1990)). That
review describes the relationship of the EAM to concepts of bonding in transition metals,
including the saturation of bonding in metallic systems. Second, any subtleties due to Fermisurface or band-structure effects are ignored in the EAM, so that any situations where these are
important should be treated carefully.

To sum up, the limitations of the EAM are well characterized: it works best for purely metallic
systems with no directional bonding; it does not treat covalency or significant charge transfer;
and it does not handle Fermi-surface effects. This will be important in the study of metals under
extreme conditions, i.e. high temperatures and high pressures as we will see in Appendix 1.
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3.6 High pressure

Simulations of metals under high pressures (as well as particle irradiation processes for
example) include short-distance interactions between atoms. At ranges, typically 1 Å, the
repulsive forces, such as the Coulomb repulsion between two positively charged nuclei, become
stronger than the chemical interactions between the electron shells. The short range part of a
potential affects not only ballistic processes, but also the defects and melting properties of a
material, and it is often added to a potential after ensuring that the equilibrium properties are
correctly modeled. The most commonly used formula is the universal Ziegler-Biersack-Littmark
(ZBL) potential VZBL (Ziegler 1985) which contains a pure Coulombic repulsive term that is
mitigated by a screening function, Φ(r), at larger distances,

e 2 Z1 Z 2
VZBL (r ) 
 (r / a)
4 0 r

(3.16)

Z1 and Z2 are the charges of the interacting nuclei, e is the elementary charge, and

a

0.8854 a0
Z10.23  Z 20.23

(3.17)

where a0 is the Bohr radius. The universal screening function has been constructed by fitting to
the interaction energy between ions, resulting in:

 ( x)  0.181e 3.2 x  0.5099e 0.9423 x  0.2802e 0.4028 x  0.02817e 0.2016 x
(3.18)

The accuracy of this potential is ~10% (Ziegler 1985). A smooth join between the high and lowenergy parts is realized with, for instance, exponential or polynomial functions containing
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adjustable parameters that must be fitted. The continuity of the potential functions as well as
their first and second derivatives at the spline boundaries must be taken into account in the
construction.

Fig. 3.7: Universal screening potential (ZBL) and other approximations. Figure taken from
http://www.iue.tuwien.ac.at/phd/wittmann/node8.html

ZBL potentials are used in the well known SRIM-TRIM code. The ZBL potential is not the only
proposed potential for high energies (see Fig. 3.7). For instance, in a typical heavy ion induced
reaction, recoil velocity is about a few percent of the light speed. Stopping powers of Lindhard,
Scharff and SchiØtt (LSS) seems to be more accurate than ZBL (Lindhard 1961).

The He potential used in the work of Caro and coworkers (Fe-Cr-He, Cu-Nb-He systems etc)
has been modified according with the ZBL scheme. The Beck potential for He–He interaction
(Beck 1968) was smoothly connected with the ZBL universal potential (Ziegler 1985) that is
appropriate at high energy (short interatomic separations).
In Appendix 1 we have studied the range of applicability of Li and Pb EAM potentials studying
both liquid Li and Pb under high pressures. Main conclusion is that the EAM potentail can be
used up to half the bulk modulus of the solid material but at higher pressures ZBL correction is
necessary as expected.
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3.7 Computational effort

For a given system the computational time increases as the accuracy or complexity of potentials
increases. In next table we compare the computational effort in arbitrary units with different
potentials, from the old L-J to recent “force field” potentials, as ReaxFF (Chenoweth 2008) and
eFF (Jaramillo-Botero 2011).

Time

LJ

EAM

MEAM/ADP

EIM

ReaxFF

eFF

Ab initio

1

3

12-15

~20

100

200

5000

Noble

Metals

Metals with

Charged

Chemistry

Chemistry

covalent bonds

systems

(a.u.)

gases

Table 3.III. Computational effort (schematic). Time refers to computational time in arbitrary units.

3.8 Mathematical properties of EAM potentials

EAM potentials are invariant under several transformations: In the EAM, potential functions for
pure elements are invariant under the transformations (i) ρ(R) A ρ(R), F(ρ)  F(ρ/A) and (ii)
V(r)  V(r) + 2Bρ(r), F(ρ)  F(ρ) - Bρ. The two constants A and B are arbitrary and must be
fixed by the external conditions.

At the same time Equation (1) is invariant with respect to the transformation

F i   F i   ki

(3.19)

 rij    rij   2 kf rij 

(3.20)
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This led Johnson (Johnson 1989) to suggest that for comparison between differing embedding
energies and inter-atomic potentials, ρ be chosen such that the derivative of F(ρi) be zero at the
bulk equilibrium density ρe. Thus in the bulk case, the structural contribution to the total energy
will be entirely due to the inter-atomic potential. Such a ‘standard form’ also facilitates a natural
representation for the inter-atomic potential between atoms of differing type (Johnson 1989).
Thus, this constant factor k represents or can be used as a first fitting parameter in the
development of a X–Y interatomic potential and can be varied without changing the single
component potentials. This will be important in our Li-Pb cross interaction potential as we will
see in Chapter 5.

3.8.1 Stochastic properties of EAM model

The dynamic system of many particles possesses stochastic properties (Norman2001, 2002). It
can be revealed as a cause of exponential divergence of MD calculation trajectories. An
exponential trajectory divergence is a feature of the manyparticle system itself (N-equation
Cauchy problem feature), not only of the MD model. In MD calculations numerical errors just
initiate the divergence process.
Within the EAM model the value of dynamical memory time is estimated and is approximately
equal to 7 ps (Norman 2001, 2002). Such a small value of dynamical memory time means that
one could obtain two statistically completely independent trajectories from one initial condition
using two different integration steps after about 7 ps of calculation. This time will be longer if
the system (liquid alloys) presents short range order as we will show in Chapter 5.
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Chapter 4

Atomistic molecular point of view for liquid lead and lithium.

The properties of metals in liquid state are fascinating not only from the point of view of
technology development, but also from a basic science point of view. In fact, liquid iron (at high
pressures) has significant importance in geophysics, being the main constituent of Earth’s liquid
core (Shen 2004) and many other terrestrial planet cores. For instance recent investigations
(Yoder 2003) indicate that the Martian core could be entirely liquid.
As we have seen in Chapater 2, fluid metals are considered as ideal candidates for high
temperature working fluids because they have high latent heats of vaporization and high heat
transfer coefficients. For example, metallic fluids such as molten sodium, having similar density
and viscosity to water, find application as coolant in nuclear reactors (Mansur 2004). Spallation
is an established technique for the production of high intensity fluxes of neutrons. Liquid metal
targets for spallation sources have several advantages such as the mean density of the target not
decreases by the presence of a coolant and they do not suffer from radiation damage extending
the lifetime of the facility (Appleton 1995).
Nowadays, understanding the structure and behavior of liquid metal alloys is a real goal in
nuclear engineering and materials science. To that end, the use of MD simulations represent a
unique tool, able to relate structural correlations and molecular behavior with thermodynamic
properties of any material in the framework of engineering design. Moreover, MD of liquid Li
and Pb, represent the basic pillar of a multiscale modeling methodology able to relate molecular
properties and physical phenomena inside a fluid at the atomic scale (up to several million
atoms), with macroscopic behavior in terms of complex fluid theory.
The MD study reported in this chapter is, to our knowledge, the first work in the literature
attempting to model metals like Pb or Li at the atomic scale in liquid phase. We test the
predictions in the liquid phase under different thermal conditions of the Pb and Li Embedded
Atom Method (EAM) potentials existing in the literature (Zhou 2001, Belaschenko 2009). In
addition, our work represents a first step in order to develop a LiPb alloy potential for classical
MD simulations, able to capture the physics underlying the properties of the eutectic mixture, in
concentrations and temperatures of interest for Nuclear Fusion technology (Fraile 2013).
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4.1 Methodology

Molecular Dynamics by means of EAM potentials constitutes a powerful methodology to
describe both dynamical and structural properties of liquid metals. The EAM is a commonly
used representation for the energy that overcomes the volume dependent limitation of pairpotentials by adding a term for the energy to embed an atom in the background electron density
of its neighbors. The EAM has proven particularly good at modeling bulk and defect properties
(energy, structure) of metals and alloys. For example, many MD and Monte Carlo simulations
have been performed using the EAM to model such phenomena as surface reconstruction
(Foiles 1986), crack growth (Baskes 1988) and grain boundary structure (Merkle 1990). More
details about EAM theory are given in Chapter 3. In next section we will describe in detail the
potentials used to simulate Li and Pb.
Within the framework of the EAM theory, the total internal energy of the system of N atoms is
described as the energy required to embed these N atoms into the homogeneous electron gas
caused by surrounding atoms plus a correction of energy from two-body interactions. Thus this
total energy can be expressed as:

Ei 

1
 ij rij   i Fi i 
2 i , j ,i  j

(4.1)

Where Φij represents the pair energy between atoms i and j separated by rij, and Fi stands for the
embedding energy to embed an atom into a local site with electron density ρi. ρi can be
calculated using

i 

 f r 

j , j i

j

ij

(4.2)

With fj(rij) the electron density at the site of atom i arising from atom j at a distance rij away.
Thus one can assume that the atomic electron density also follows an exponential form
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f r   f e exp  r  r3 

(4.3)

Where fe is a scaling constant, re is the equilibrium nearest distance, and χ is an adjustable
parameter that must be determined. In obtaining additional functions of the EAM, a caution
should be kept in mind; that is, the embedding function should have positive curvature. This
ensures that the bond strength decreases with increasing coordination.
In general, the parameters that describe a particular EAM potential are determined by
minimizing the rootsquare deviation between calculated and experimental thermodynamic data,
usually consisting of a set of elastic constants, the vacancy formation energy (Evf), the
equilibrium lattice constant (a0), and the cohesive energy (Ec).

4.1.2 EAM potential for Pb

We have used the EAM potential proposed by Zhou et al (Zhou 2001). The functional form for
this potential is already implemented in the LAMMPS package (Plimpton 1995). In this case,
the pair energy between atoms, takes the following expression.
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(4.4)

Where re is the equilibrium spacing between nearest neighbors, A, B, α, β, are four adjustable
parameters, and k, λ are two additional parameters for the cut off.
The electron density function is taken with the same form as the attractive term in the pair
potential with the same values of β and λ, i.e.,
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(4.5)

To have embedding energy functions that can work well over a wide range of electron density,
three equations to separately fit to different electron density ranges, r<rn, rn≤r0 and r0≤r are used.
The use of rn=0.85re and r0=1.15re where re is the equilibrium electron density, can ensure that
all equilibrium properties are well fitted in the electron density range rn≤ r <r0.
For a smooth variation of the embedding energy, the following equations are required to match
values and slopes at their junctions. These equations are listed as follows:
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EAM – Pb
re

3.499723

K

0.425877

F1

0

fe

0.647872

Λ

0.851753

F2

0.921049

ρe

8.906840

Fn0

-1.419644

F3

0.108847

Α

8.468412

Fn1

-0.228622

Η

1.172361

Β

4.516486

Fn2

0.630069

Fe

-1.440494

A

0.134878

Fn3

-0.560952

B

0.203093

F0

-1.44

Σ

12

Table 4.I. Parameters to define the EAM potentials for Pb (Zhou 2001).
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Table 4.I shows the sixteen parameters appearing in these equations (Zhou 2001). Generally, in
computer simulations, the potential function and its first derivatives with respect to atomic
coordinates should be continuous at all geometries of the system. This can be accomplished by
forcing the atomic electron density, f(r) , and pair potential, Φ(r), and their first derivatives f(r)’
and Φ(r)’ to go smoothly to zero at a cutoff distance using a cutoff function.

4.1.3. EAM potential for Li

In the case of Li, we decided to use the approach of D. Belashchenko (Belaschenko 2011, 2012)
that we implanted in LAMMPS format by homemade codes. Note that in our calculations, we
found that the potential parameters are valid for calculating basic properties of lithium such as
lattice constant, cohesive energy, density and heat capacity, when the cutoff distance is taken to
be larger than 1.5a0 [third-nearest neighbor (NN)].
In a similar manner than for Pb, three fitting functions F(ρ), f(r) and ρ(r) are used in the
procedure for the calculation of our EAM potential.

f (r )  p1 exp( p2 r )

(4.9)

the embedding potential is defined in different regions as

F (  )  a1  c1 (    0 ) 2 at ρ1< ρ < ρ6

(4.10)

F (  )  a i  bi (    i 1 )  c i (    i 1 ) 2

(4.11)

At ρi< ρ < ρi-1 (i=1, 2, 3, 4, 5)

    2 
  
F (  )  a6  b6 (   1 )  c6 (   1 ) 2 2
  5   5  







(4.12)
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at ρ < ρ5
and
F (  )  a 7  b7 (    0 ) m at ρ ≥ ρ6

(4.13)

The parameters used to define this set of equations are described in Table 4.II.

Li – EAM
p1

3.0450

a4

-0.859314

b7

0.006520[r]

p2

1.2200

a5

-0.808846

c1

0.043000

ρ1

0.900

a6

-0.776842

c2

2.000000

ρ2

0.849

a7

-0.881043

c3

-1.090000

ρ3

0.700

a10

–0.8809

c4

1.300000

ρ4

0.480

b1

0 [*]

c5

-0.515400

ρ5

0.420

b2

-0.008600

c6

0.000000

ρ6

1.100

b3

-0.248600

c7

0.018130

a1

-0.880900

b4

0.056600

r0

1

a2

-0.880470

b5

-0.808846

m

1.5

a3

-0.872754

b6

-0.551400

σ

7.5

[*] condition of continuity of functions F(r) and dF(r)/dr at r = ri.
Table 4.II. Parameters to define the EAM potentials for Li. Li parameters a, b and c are expressed in eV
(from Refs (Belaschenko 2011, 2012)).

The pair potential, in this case, is defined in two parts as in (Belaschenko 2012). For r > 2.45,
1
r

 ( r )  k1  k 2  k3

1
1
1
1
 k 4 3  k5 4  k 6 5
2
r
r
r
r

(4.14)

and for r ≤ 2.45,

 (r )  k1  k2 (2.45  r )  k3 (exp[k4 (2.45  r )]  1)

(4.15)
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At r = 2.45 Å, the potential and its first derivative are continuous: φ(r) = 0.252868 eV and f(r) =
–dφ(r)/dr= 0.897320 eV/Å. The set of parameters ki are given in Table 4.III.

r> 2.45

r ≤2.45

k1

-1.6153

0.252868

k2

32.9193

0.15252

k3

-245.8304

0.38

k4

840.2178

1.96

k5

-1368.3812

-

k6

905.6236

-

Table 4.III. Parameters to define Li pair potential (in eV) as defined in Eq’s (14) and (15). From Ref
(Belaschenko 2012), distance, r, in Å.

Next figure shows the pair potentials, φ(r)Pb and φ(r)Li, of the EAM potentials employed all
along this work.
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Pb Zhou 2001
Li Belashchenko 2009

Pair potential V (r) (eV)
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Fig. 4.1. Pair potentials for Pb and Li following references (Zhou 2001, Belaschenko 20011).
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4.2 Computational details

Samples for Pb and Li ranged in size from 10,000 up to 100,000 atoms. They were canonically
generated, energy minimized and equilibrated. We have tested size effects in our results and
adopted sized that minimize them. For example, a Pb a sample of 5,000 atoms was checked to
be equivalent to an equivalent one 10 times bigger in size. Periodic boundary conditions (PBC)
were imposed to minimize surface and edge effects.
MD simulations were carried out using the parallel code LAMMPS (Plimpton 1995).
Integration algorithms of Verlet and rESPA were benchmarked. The integration time step, Δt,
used for the heating and equilibrating phases was 10-4 ps. In the production phase we used a Δt
of 10-4-10-5 ps and we always tested in both cases a proper convergence. Average length of
simulation time in production stage (equilibrium) was around 50 ps.
Trajectories in the canonical ensemble (NVT) were generated after 5 ps of heating by coupling
our system to a Berendsen thermostat (Berendsen 1984), and ulterior equilibration and
production phases by means of a Nosé-Hoover chain (Martyna 1992). For some more details of
the employed techniques see Chapter 3.

4.3 Results. Validation of Li and Pb EAM potentials

An accurate interatomic potential for MD simulations (EAM-type in our present case) must be
able to provide a good representation of dynamics, thermodynamics and structural properties of
the target material under the conditions of interest.
Moreover, in order to develop future alloy potentials (like PbLi, Pb-He, Li-H) with exceptional
value for Nuclear Fusion Technology, the pure element’s potentials have to provide accurate
descriptions of their properties.
The main goal of the validation of these lead and lithium potentials for future use in alloy
simulations, is the reproduction of liquid phase thermal properties, or diffusion and transport
phenomenology under conditions frequent in Nuclear Technology. Therefore, we present in this
section, MD simulations extracting the main properties expected from this two elements in such
scenario.
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4.3.1 Study of static properties

As a first test, simple but critical, we have calculated what we would like to denote as static
properties of our systems: cohesive energy and lattice parameter, for Pb and Li at 0 K. Doing
that, we obtain the values represented in Figure 4.2 for Pb and Li respectively. Our values are in
good agreement with the experimental data reported in the works of (Toloukian 1970, (Brandes
1983, Dewaele 2007, Xie 2008). Note that the experimental values reviewed from these works,
are Ec(Pb) = -2.03; a(Pb)= 4.9095 Å and Ec(Li) = -1.63; a(Li) = 3.355 Å.

-0,6

Pb fcc
Li bcc

-0,8

E (eV/at)

-1,0
-1,2
-1,4
-1,6
-1,8
-2,0
-2,2
3,0

3,5

4,0

4,5

5,0

5,5

Lattice parameter (A)

Fig. 4.2. Energy (in eV/at) of pure elements Pb and Li (in fcc and bcc structures respectively) vs lattice
parameter, a0. The minimum corresponds to the cohesive energy. The experimental values of cohesive
energy y-axis and lattice parameter (x-axis) are represented by triangles.

Our agreement is not surprising, since the cohesive energy is one of the physical properties used
to adjust the parameters that define the potential, in particular the atomic electron-density. The
cohesive energy is a measure of the cohesion of the atoms and should be therefore comparable
to the sublimation energy. A good reproduction of this value is critical if we like that our
potentials reproduce properly structural properties at any temperature.
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4.3.2 Lindemann criterion

According to the Lindemann melting criterion (Lindemann 1910), a solid melts when the ratio
of the mean amplitude u of the atomic thermal vibrations to the distance dNN between the nearest
neighbors reaches a certain critical value, L, identical for all substances,

u 2 Tm   d NN

(4.16)

where L is the Lindemann constant. The pressure dependence of Tm is usually estimated under
the assumption that the constant L is almost invariable along the melting curve Tm(p).
A simple way to understand Lindemann law is to take a 10 % of the lattice parameter at
equilibrium and calculate the energy necessary to have such vibrations (red lines in next figure).
This can be better seen graphically in Fig 4.3, and is equivalent to consider δ = 0.1 for every
material. For Pb (fcc), Ec = -2.01469,{a=4.89433 Å} then to have 0.1x4.894 = 0.4894 one needs
to increase the energy in around 0.1 eV.

Fig. 4.3.Left) Melting of Pb using Lindemann criterion; Tm(Pb) = 0.114 eV/at /8.61710e5 eV/K  1322
K. Experimental melting point is 600 K. Right) Same calculation for Li; Tm(Li) = 0.04 eV/at / 8.61710e5
eV/K)  464 K. Experimental melting point is 453 K.
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But if we take into account more accurate calculations like the presented in (Shapiro 1970)
treating the frequency spectrum analytically by means of the moment trace method (Montreaux
1942) we will see that 0.1 is not universal but changes slightly from one material to another
depending on the CS for example. In fact, 0.1 is quite correct for Li, (the value given in
(Shapiro 1970) is 0.0116) but not for Pb as we have seen in previous picture. For fcc Pb the
value given in (Shapiro 1970) is 0.067. With this value in mind the result is much better (700 K)

4.3.3 Structural properties

Molecular Dynamics simulations of a liquid metal are able to provide a rich view of the existing
interactions between fluid particles, information about self diffusion coefficients, interaction of
secondary of third NN atoms within the fluid, or the molecular basis of corrosion phenomena
induced by the liquid metal in contact to a wall material.

Structural order and distribution of particles within a fluid are frequently well described by the
pair-correlation function g(r). This quantity is related to the probability of finding the center of a
particle a given distance from the center of another particle. For short distances, this is related to
how the particles are packed together. Therefore, it is a good magnitude to study if we want to
test the accuracy of a molecular potential at structural level.
Diffraction experiments yield I(q), the coherent intensity per atom as a function of the
momentum transfer, q = 4πsinθ/λ, where λ is the wavelength of the radiation and θ is half the
angle between the primary and diffracted beams. The total structure factor S(q) is obtained from
I(q) according to S(q) = I(q)/<b2>. <b2> = Σcibi2 where ci and bi are the atomic concentration
and the coherent scattering amplitude of the i species respectively.
Total structural factor is related to pair distribution function as



S ( q )  1  4  r 2 g ( r )  1
0

sin( qr )
dr
qr

(4.17)

and
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g (r )  1 

1
2

2



sin( qr )
q S ( q )  1
dr

qr

2

(4.18)

0

Where ρ is the atomic density ρ = N/V. And the pair-correlation function is generally defined
as:

g (r )    2

  r  r
i

j i

i

j

 r 

V
N2

  r  r 
i

0

j i

(4.19)

Our calculations using the implementation of EAM potentials for Li and Pb, are in very good
agreement with experimental results. As can be seen in Figure 4.4 and 4.5, the radial
distribution function g(r) for both Pb and Li, matches very well the experimental results
reported by Waseda in his classic textbook and also in website (Waseda 1980) in the liquid
phase, at different working temperatures of interest in Nuclear Technology. The statistical error
bars are the size of the symbols.
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Fig. 4.4. Lithium g(r) calculated (red circles) compared with experimental results (black squares) at T=
460 and 520 K. In both cases an excellent agreement between MD simulation – experiment in the radial
distribution of the liquid phase is obtained. (Experimental data from (Waseda 1980)).
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Fig. 4.5. Lead g(r) calculated (red circles) compared with experimental results (black squares)
temperature ranging from T = 610 K to T = 1170 K. (Experimental data from (Waseda 1980)).

Alternatively, we have also paid attention computed the static structure factor S(Q), the Fourier
transform (FT) of g(r), and can be compared with data obtained from neutron diffraction
experiments. Has to be noted that this S(Q) curves are not calculated as a FT of the g(r) curves,
but as a result of applying the Debyer code [Debyer website] to our MD output. The agreement
shown in Figures 4.6 and 4.7 confers this quantity a strong importance in the validation of EAM
potentials for both liquid metals.
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Fig. 4.6. Lithium S(q) calculated (circles) compared with experimental results (triangles) at T = 460 and
520 K. (Experimental data from [Waseda website]).
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Fig. 4.7. Lead S(q) calculated (circles) compared with experimental results (triangles) at temperatures
ranging from 610 to 1120 K. (Experimental data from [Waseda web]).

An additional validation of the potential can be obtained by studying density and thermal
expansion.
Density of the liquid, ρ, at melting point is correctly represented by the EAM potentials we are
studying. For Li the experimental value is 0.53 g/cm3 and our MD result is 0.51 g/cm3. For Pb
the agreement is also very good, being the experimental value 10.96 g/cm3 and our MD result is
10.64 g/cm3. Also the variation with temperature, ∂ρ/∂T, gives an excellent agreement with
experimental results. For Li the experimental value is -8.6 x10-5 g/cm3K (Ohse 1985) and our
MD simulations gives -9.6 x10-5. For Pb the agreement is even better, being -0.003 g/cm3K both
experimentally (Gurvich 1991) and in our MD runs.

In conclusion, the agreement between the properties calculated with these two potentials and the
experimental data for different structural and correlation properties, certifies the adequacy of
both potentials to describe the properties of cooling and breeding materials (liquid metals) in
Nuclear Technology.
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4.4 Thermodynamic properties

Thermodynamic properties are critical in industrial applications of liquid metals, since they are
essentially used as cooling and breeding materials. PbLi is promising candidate as breeder
material for nuclear fusion but also, for instance, Pb and PbBi are proposed as coolants for
Generation IV fission reactors. See ref (Mansur 2004) and references therein for a review.

As test of thermodynamic properties we calculated the specific heat at constant pressure, Cp, by
the derivative of enthalpy H. Enthalpy shows a jump when the sample melts but this jump does
not correspond with experimental melting point as usual. See figure 48 and 4.9.

In order to determine the melting point, Tm, the free energy calculation of both solid and liquid
phase is needed. Then, both curves will cross at a certain temperature that corresponds to Tm.
Doing that, we obtain 580 ± 25 K for Pb while the experimental result is 600 K. For Li our
estimation is about 453 ± 25 K and the experimental value is 450 K (See Fig. 4.13). First, in the
next section, we will present some of the intermediate results along with the details of the free
energy calculations. A detailed explanation can be found in (Ogando-Arregui 2002).

4.4.1 Free energy calculations

In this section we focus in the predictions of the free energy and melting temperature for both
potentials. Description of the solid-liquid phase transition is the main step in modeling these
systems and crucial for further extrapolation of thermal conductivity, diffusion and alloys
properties. In next graphs the MD heating cooling cycles are shown. Figure 4.8 shows the
enthalpy jump at a certain temperature, usually higher than the experimental melting point.
Figure 4.9 shows the same jump, now in the volume of the sample. Blue dashed lines represent
the experimental melting temperature of both elements. Enthalpy data will be used in the H vs
Temperature fit needed in Eq. 4.20.
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Fig. 4.8. Enthalpy, H, in eV/at, for both Pb and Li calculated in a MD run. The jump in H corresponds to
the melting of the sample, but not with the melting temperature.
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Fig. 4.9. Volume, V, in cm3/mole, for both Pb (black) and Li (red) calculated in a MD run. The jump in V
corresponds to the melting of the sample, but not with the melting temperature.

Calculating free energies involves the computation of the partition function by integrating over
the entire phase space of a system with a large number of degrees of freedom. For empirical
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Hamiltonians, an almost direct calculation of the free energy is possible and is the approach
taken in this work. We write the Gibbs-Duhem equation

T
h( )
 T  2 d
T0

T0
T

f (T )  f (T0 )

(4.20)

where h(τ) is the enthalpy per particle. The coupling-constant integration method, or switching
Hamiltonian method, (Ciccotti & Hoover 1986) is used to calculate f(T0).

f T0   f w (T0 )  f

f 

1 1 H
1 1
d   U  W  d

N 0
N 0 

(4.21)

where fw(T0) is the free energy of the reference system at T0 temperature. The integration is
carried over the coupling parameter, λ, varying between 0 and 1, and <…> is the average over a
canonical ensemble, or a time average on a (T, V, N) MD simulation.
For the solid phase it is customary to take as reference system a set of Einstein oscillators.

Fig. 4.10. Schematic representation of switching Hamiltonian technique in solid phase.
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4.4.2 Solid / Einstein

In the Einstein approximation, the vibrational density of states of a solid is approximated by a
sum of delta functions centered on the local atomic vibrational frequencies.
For a perfect crystal (with cubic or higher symmetry), all frequencies are equal to ω0 The timeaveraged spatial distributions of atom positions in the harmonic solid consist of Gaussian
functions of the form

 /  3 / 2  exp( (ri  ri0 ) 2 )

(4.22)

centered on the average atomic positions r0i, where

  m02 /(2k BT )

(4.23)

m is the atomic mass, and kBT is the thermal energy. The classical vibrational contribution to the
free energy can then be written as

Av 

2 
3
NkBT ln

2
  

(4.24)

where Λ is the thermal wavelength

  h /2mkBT 

1/ 2

(4.25)
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4.4.3 Liquid / Ideal gas

For the liquid, the usual reference system W is an ideal gas at the same temperature and volume
of the EAM sample. We change Hamiltonian from a real liquid to an ideal gas in two steps. The
process to switch from U to W involves an intermediate step to avoid particle overlap during the
integration. First, we compute the free-energy difference between the true system with potential
U (the EAM potential) and a system with a repulsive potential WL that can be a soft spheres
potential, a Buckingham potential for example (Bukingham 1938).

Fig. 4.11. Schematic representation of switching Hamiltonian technique in liquid phase.

In this work, we use WL=0.1Urep, where Urep is the pair potential part of the EAM energy.
As in the solid phase, the integration is carried over the coupling parameter λ varying between 0
and 1. The system is kept at the constant volume V0, that equilibrated the U Hamiltonian at
temperature T0 and P=0. Therefore, the free-energy change for a pure element due to the switch
is given by Δf1, as in the second line of Eq. (2). The second step is also double: a reversible
expansion of the repulsive gas, now at V0 and high pressure, to reach the dilute limit (where it
becomes identical to the ideal gas), followed by a reversible compression of the ideal gas, to
recover the initial density or volume. The change in free energy due to both processes is

117

0  P
 d
f 2  k BT0  
 1
0
 k BT0  

(4.26)

where ρ0= N/V0 is the particle density. After the process represented by Eq. (4.26) has taken
place we end up with an ideal gas at (T0, ρ0), whose free energy fid is known,

 

 

fWliq T0 , 0   f id T0 , 0   k BT0 ln 0 3  1

(4.27)

Where Λ is the thermal wavelength as defined before (Eq. 4.25). Then, the free energy of the
liquid phase is calculated as the sum

g L T0   f1  f 2  fWliq T0 , 0 
(4.28)
Fig. 4.12 (Left) gives us the value of Δf1 and integration of Fig 4.12 (right) that of Δf2. For a
more detailed description of this method see (Frenkel 1996).
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Fig. 4.12. Liquid runs. Left), liquid switch vs λ, right), volume expansion vs density. Three different
potentials are used. Results in liquid switch are almost potential independent.

Equation (4.20), with Eqs. (4.21) and (4.28), give the free energies of the solid and liquid phases
of pure elements as a function of temperature. The melting temperature of a system can be
obtained as the crossing point between the solid and liquid phase prediction of the free energy
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variation as a function of temperature. As can be seen in Figure 4.13, we obtain an excellent
agreement between experimental data and our Molecular Dynamics prediction in both systems.
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Fig. 4.13. Free energies vs temperature for pure Li (up) and Pb (down) in solid (black lines) and liquid
(red lines) phase. Crossing point of both correspond toTm. The blue dashed lines are a guide to the eye.

Experimental values are 453 K and 600.6 K for Li and Pb respectively, and our calculated
values are 450 K and 575 K for Li and Pb as shown in figure 4.13.
Moreover, we can also calculate volume and enthalpy change at melting, ΔV and ΔH
respectively, and compare with the proper experimental values (Ohse 1985, Gurvich 1991).
In the case of Pb, values agree fairly well with the experiment. Volume change in our
simulations is about a 3.8 % while experimentally is expected about 3.6%. In addition, the
change in enthalpy (heating) is 5.5 kJ/mole while the experimental value is 4.8 kJ/mole. The
result depends on the way we arrive to the final state, i.e, heating or cooling. Cooling the sample
from a higher temperature down to the final one the values are: ΔH= 5.4 kJ/mole and ΔV =2.5
%. For Li, results depend more on the simulation size. Volume change in our simulations is
about a 10.0 % while the experimental one is 1.6 %. The change in enthalpy is (heating) 4.5
kJ/mole while the experimental value is 3.0 kJ/mole. In cooling mode, the results are: ΔH= 4.5
kJ/mole and ΔV =6.5 %.
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4.5 Entropy of Melting

Entropy of melting is defined as the difference between entropy in liquid and solid phase, ΔSm =
(Sliq-Ssol), and equals de enthalpy jump divided by the melting temperature, ΔHm/Tm. The value
of this entropy of melting is constant for all simple metals and is equal to 8.8 J/K-mole.

S m  Sliquid  S solid  

H m
 8.8 JK 1mol 1
Tm

(4.29)

Again, this is a critical magnitude that we can use to evaluate both Pb and Li EAM potentials in
this range of thermodynamics conditions (liquid phase in Nuclear Systems conditions)
If we calculate ΔHm from our MD runs and melting temperature, Tm, from free energy
evaluation as described in section 4.3.1, we obtain ΔSm (Pb) = 9.1 (±0,5) and ΔSm (Li) = 10.0
(±0,8). For lead our MD calculated value agrees well with the experiment (difference is less
than 5 %). For lithium ΔSm is overestimated in the simulation (about a 14 %) due to a too large
jump in enthalpy (and volume) when the metal melts.

4.6 Liquid-Liquid Phase transitions

First-order structural phase transitions are common in crystalline solids, whereas first-order
liquid-liquid phase transitions (that is, transitions between two distinct liquid forms with
different density and entropy) are exceedingly rare in pure substances (Young 1991,
Ponyatovsky 1992). A single-component liquid may have more than two kinds of isotropic
liquid states and the transition between these different states is called ‘‘liquid-liquid phase
transition’’ (Poole 1997, Brazhkin 1997). It is one of the most interesting challenging problems
in the field of liquid science. Today, growing indications for first-order transitions in liquids
have come from analysis of their physical properties and from computer simulations
(Harrington 1997, Debenedetti 1997).
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4.6.1 Pb high temperature: transition around 1000 K

A liquid-liquid (LL) phase transition is possible in Pb around 1000 K according to density,
viscosity and magnetic susceptibility (Fig 4.14) measurements carried out by Hu et al (Hou
2006). The exact temperature depends on the physical properties as shown in Table 2 in the
same paper. LL transition has been suggested experimentally (Grimsditch 1984, Biermann 1998)
and theoretically (Harrington 1997) to occur in some one-component (P, S, C) and a few
multiple component systems, for example in PbBi alloys (Li 2006).

Fig. 4.14. Reciprocal of Pb magnetic susceptibility versus temperature during cooling process (Hou 2006).

In order to study that transition a detailed structural analysis has been made. Magnetic
susceptibility is not accessible with CMD but additional information on the structural features of
the system can be obtained by calculating the Wendt–Abraham parameter (Wendt 1978).

r WA 

g min ( r )
g max (r )

(4.30)
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and the translational order parameter (Tanaka 1998).
r0

   g (r )  1 dr
0

(4.31)

Where, gmax(r) and gmin(r) represent the main maximum and the first minimum in the radial
distribution function, respectively, and r0 is the distance at which the structural features of the
system cease to be considered, i.e the cutoff used in our MD simulations.

Fig. 4.15. Left) Wendt Abraham parameter, RWA, vs temperature in liquid Pb. Red line represents a linear
fit and dashed line is a guide to the eye. Right) Translational order parameter vs temperature in liquid Pb.

A decrease in the value of rWA indicates an increase in the role of two-particle structural clusters
in the system, which can appear, e.g., during the densification of the system and can
characterize its transition into a crystalline or amorphous phase. An increase in the ζ value of
points to the development of structural ordering in the system. However, in our liquid Pb
simulations we did not find clear evidence of LL phase transition (See Figure 4.15) although the
results are not definitive.

Wendt Abraham and translational parameters will be further used in our study of the properties
of LiPb around the eutectic composition (Fraile A. et al, to be published).
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4.7 Conclusions

Classical Molecular Dynamics simulations via EAM potentials have showed to be a powerful
tool to simulate and understand liquid metals, in our particular case, Pb and Li. Our results
prove the validity of these potentials and provide useful structural and thermodynamic data in
conditions of interest to Nuclear Fusion technology. Reported figures are in agreement with
experimental results available in the literature. In addition, our work represents a base
methodology for the extrapolation of liquid Pb and Li properties into regions of temperature and
composition where direct experimental measurements either do not exist, or are not accessible.
Moreover, we have tested that our particular choice constitutes a solid base for the development
of a future PbLi alloy potential (Chapter 5).
The main results presented in this Chapter have been recently accepted in Journal of Nuclear
Materials (Fraile 2013).
Different parameters to quantify liquid structures have been analyzed in order to understand the
Pb LL phase transition. The use of those parameters could represent an interesting tool to study
liquid Li17Pb (eutectic) alloys. This will be further explored in chapter 5.
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Chapter 5

LiPb interatomic potential

5.1 The road to LiPb cross potential

Most of times liquid metals are classified as a prototype of simple liquids, but even in
the simplest monatomic case, metallic fluids are actually two-component systems. The interplay
between electron and ions, indeed, is an intrinsic aspect of liquid metals (Scopigno 2005).
Nevertheless some aspects of pure elements in liquid phase can be described with simple hard
sphere (HS) models. Binary mixtures are, in some occasions, ideal mixtures and most of its
properties are linear interpolation of the physical properties of the pure constituent elements. As
we will soon see, this is not all the case of LiPb system, being Li and Pb two very different
metals in terms of mass, electronegativity and chemical properties.

Fig. 5.1. Experimental phase diagram for LiPb system (Okamoto 1993).
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The experimental phase diagram is showed in Fig. 5.1. LiPb alloys are a complex compound
forming system and several inter-metallic compounds like Li17Pb4, Li7Pb2, Li3Pb and LiPb are
present. We are interested mainly in the lead rich part of the phase diagram and more precisely
in the eutectic composition so we do not need by now to know much more about the Li rich
compounds. A detailed thermodynamic analysis of their radically different chemistry can be
found in (Hubberstey 1992, 1997).

To our best knowledge only one pair potential for PbLi has been reported in the literature
(Bazhirov 2008). In that study inter-atomic interactions are described by a many-particle
potential for Pb, Li from the set of EAM type potentials suggested in (Lim 1992, Li 1998).
Based on the approach from (Landa 2000) they modified the density and embedding functions
from:

 r   C r  , F    F  / C 

(5.1)

This transformation does not change the Hamiltonian itself but permit to vary the cross-Pb–Li
pair interaction function by changing constants C for each atom type:

  Pb

PbLi r   

  Li

Li r  


 Li
Pb r 
 Pb


(5.2)

Then they calculate static structure factor a(K) as a functional depending on CLi and CPb. Fitting
to experimental data on a(K) from (Ruppersberg 1975) they found that the best correspondence
was reached at the values of constants CLi = 0.7, CPb = 0.9.
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5.1.1 Pb-Li. Effective representation.

Both potentials are in our case quite different if we compare for example the embedding
functions. In order to mix them in an inter-atomic potential for the cross interaction Li-Pb we
should first use the so called effective representation (Caro 2005). By doing this one minimizes
the nonlinear contribution of the embedding term.

We start with a preparation of the two pure element potentials in a way that is adequate for our
purpose, that is, the effective representation with normalized densities, which for α= A; B reads

  0 /  0 , eq

 





F     F0  0  F0 '  0 ,eq  0

(5.3)

 

V , r   V0, r   2 F 0 '  eq0 0 r 

where the superscript 0 stands for original, ς0α,eq for the density on a lattice site at equilibrium,

 0 , eq    i rijeq 
j i

(5.4)

and the prime ´ for derivative. These transformations do not alter the properties of the pure
elements but have the advantage of minimizing the contribution of the embedding term to the
formation energy of the alloy, as is discussed below, and allow us to combine potentials for pure
elements coming from different authors with eventually very different and unrelated magnitudes
of the densities.
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Total energy at 0K for a pure element with a defined crystal lattice can be calculated
analytically. The distances for the fcc lattice are, in function of the lattice parameter are:

r1 fcc (a ) 

3
a 2
, r2 fcc ( a )  a , r3 fcc (a )  a
, r4 fcc (a )  a 2 , r5 fcc (a )  a 3
2
2

(5.5)

And for the bcc lattice:

r1bcc (a ) 

a 3
11
, r2 bcc ( a )  a , r3bcc (a)  a 2 , r4bcc (a )  a
, r5bcc (a)  a 3
2
2

(5.6)

Then total density ρ(a) must be calculated like,

 Pb a   12 ( r1 ( a ))  6 ( r2 ( a ))  24 ( r3 ( a ))  12 (r4 ( a ))  8 ( r5 ( a ))

(5.7)

Where ψ is the electron density in EAM formalism. And equally for lithium

 Li a   8 ( r1 ( a ))  6 ( r2 ( a ))  12 ( r3 (a ))  24 ( r4 ( a ))  8 ( r5 (a ))

(5.8)

Now total energy for lead in an fcc lattice is:

Etot ( Pb )  F (  ( a ))  6 ( r1 ( a ))  3 ( r2 ( a ))  12 ( r3 ( a ))  6 ( r4 ( a ))  4 ( r5 ( a ))

(5.9)

And for lithium,

Etot ( Li )  F (  ( a ))  4 ( r1 ( a ))  3 ( r2 ( a ))  6 ( r3 ( a ))  12 ( r4 ( a ))  4 ( r5 ( a ))
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(5.10)

The numbers multiplying the pair potential are the number of nearest neighbours divided by 2.
In the next figures the plot of these energies vs the lattice parameter is shown. The minimum
gives the lattice parameter and the cohesive energy in the equilibrium. In table 5.1 we
summarize the results for Pb and Li in fcc and bcc.
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Fig. 5.2. Minimum in the total energy (y axis) for lead (left) and lithium (right) calculated from original
EAM potentials (Zhou 2001, Belashchenko 2009), x axis is distance in Å.

FCC

BCC

Element

Ec (eV/at)

a0 (A)

Ec (eV/at)

a0 (A)

Pb

-2.014

4.894

-1.97

3.78

Li

-1.675

4.21

-1.705

3.3648

Table 5.I. Calculated cohesive energy, Ec, and lattice parameter, a0, for Pb and Li in fcc and bcc phases.
All values have been calculated using Pb and Li EAM potentials in the effective representation. The
results are exactly the same that those obtained with the original potentials.

5.1.2 Mixing energy calculation (theory)

The difference between the enthalpy of a mixture (our LiPb system) and the sum of the
enthalpies of its components (at the same pressure and temperature) is the mixing enthalpy (or
mixing energy), that we will denote as ΔH. Deviations from ideality can be described by the use
of activity coefficients.
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First we define the linear interpolation of the pure element lattice parameters as a function of
composition;

Lid ( fcc ) ( x )  xa ( Pb ) fcc  (1  x ) a ( Li ) fcc

(5.11)

Lid ( bcc ) ( x )  xa ( Pb ) bcc  (1  x ) a ( Li ) bcc

(5.12)

And the same for the cohesive energies;

E c id ( fcc ) ( x)  xEc ( Pb) fcc  (1  x) E c ( Li ) fcc

(5.13)

E c id ( bcc ) ( x)  xE c ( Pb) bcc  (1  x) E c ( Li ) bcc

(5.14)

and then we can define or mixing energy target (at 0 K, G0K) for both fcc and bcc structures, as a
polynomial function, for example;

G0 K ( fcc ) ( x)   a n  fcc x n and G0 K (bcc) ( x)   a nbcc x n
n

n

(5.15)

With n running from 0 to 4.
now we just define the Li-Pb cross potential as:

0
(r ) 
Vmix

1
 Pb (r )   Li (r )
2

(5.16)

and
0
 0PbLi ( x , h )  hV mix
(r )

(5.17)
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Now we calculate the disordered total energy “disutot” per atom for an alloy with composition x
using the standard EAM for alloys both for fcc and bcc phases:

5

1 5 i

i
0
TOT
(a, x, h)  x FPb  N NN
U dis
x 0Pb rnfcc (a)  (1  x) 0Li rnfcc (a)     N NN
xVPb0 rnfcc (a)  (1  x)V PbLi
rnfcc (a)    
fcc
n 1

 2  n 1


5

1 5 i

i
0
(1  x) FLi  N NN
x 0Pb rnfcc (a)  (1  x) 0Li rnfcc (a)     N NN
xVPbLi
rnfcc (a)  (1  x)V Li0 rnfcc (a)   
n 1

 2  n 1


(5.18)
and the same for bcc
5

1 5 i

dis TOT
i
0
U bcc
(a, x, h)  x FPb  N NN
x 0Pb rnbcc (a)  (1  x) 0Li rnbcc (a)     N NN
xVPb0 rnbcc (a)  (1  x)VPbLi
rnbcc (a)    
2
n 1

  n 1


5

1 5 i

i
0
(1  x) FLi  N NN
x 0Pb rnbcc (a)  (1  x) 0Li rnbcc (a)     N NN
xVPbLi
rnbcc (a)  (1  x)VLi0 rnbcc (a)   

 2  n 1
 n1

(5.19)
and then we define the enthalpy of mixing as the difference between the calculated mixing
energy and the ideal mixing one, i.e.

TOT
H fcc  x, h   U dis
( Lid ( fcc ) , x, h)  E c id ( fcc ) ( x )
fcc

(5.20)

dis TOT
H bcc x, h   U bcc
( Lid ( bcc ) , x, h)  E c id ( bcc ) ( x )

(5.21)

now we can calculate the minimum between this functions and the target using mathematica as

FindMinimum DeltaHfcc0.5, h  G0Kfcc0.52, h, 0.5
FindMinimum DeltaHbcc0.5, h  G0Kbcc0.52, h, 0.5
and also
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FindMinimum DeltaHfccc, h  G0Kfccc2  DeltaHbccc, h  G0Kbccc2

and then, we can calculate the value of the polynomial that makes this difference minimum.
This polynomial is written in the last line of the EAM-cd potential. This way we can create
different potentials changing the weight of the fcc or bcc disordered ΔH etc.

5.1.3 Cut-off

Generally, in computer simulations, the potential function and its first derivatives with respect
to atomic coordinates should be continuous at all geometries of the system. This can be
accomplished by forcing the atomic electron density f (r) and pair potential φ(r) and their first
derivatives f (r)’ and φ(r)’ to go smoothly to zero at a cut-off distance using a cut-off function.
To assure that we can also make use of a Fermi function defined as

FF rc   1 1  expr  r0  r1  / d 

(5.22)

This function is 1 up to r equal some value close to the cut-off, r0, and then tends quickly to 0.
For example, if we want the cut-off be 6.5 Å, we can choose r0=6.4, r1=0.1 and d=0.01. Then,
we can multiply every function for this Fermi one having new functions that go smoothly (and
the derivatives too) to zero.

5.1.4 Pb-Li cross potential

Instead of using g(r) of a particular composition as a target to create the potential for the cross
interaction we will use the mixing enthalpy curve of the alloy to create an EAM potential
composition dependent (eam/cd) (Caro 2005). The concentration-dependent embedded atom
method (CD-EAM) is a powerful model for atomistic simulation of concentrated alloys with
arbitrarily complex mixing enthalpy curves.
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Very few experimental data are available about the mixing energy of the LiPb alloys in the
literature. The most recent one is the thermodynamic study carried by Gasior and co-workers on
(Gasior 2001) using the electromotive force method.

Fig. 5.3. Left) Experimental partial enthalpy of Li and the integral enthalpy of mixing for the Li-Pb liquid
alloys (Gasior 2001) at 800 K. Right) Measured heat of formation ΔH (Ruppersberg 1976) and electrongas contribution ΔHeg at T = l000 K (Hafner 1984).

We do not have experimental data for the solid alloy so we will use as first approximation a
negative mixing energy symmetric with concentration and with the same order of magnitude to
that of the liquid. As first target function we used simply: ΔH=(-80)*x*(1-x)*0.010 (eV/at).
Now we create a pair potential that minimizes the difference of the calculated mixing energy
and the target both in fcc and bcc phases. We do not know the crystal structure of every single
alloy LixPb1-x so we used here simple the interpolation of both lattice parameters, i.e. a(LixPb1x)=

aPb – xLi(aPb-aLi) (as defined in Eq. 5.11 and 5.12) being x the concentration of Li and aPb

and aLi the corresponding lattice parameter for the pure elements in the corresponding fcc or bcc
phase. The eam/cd format has a line at the end with the coefficients of the polynomial
expression (h = a + bx + cx2). Of course this potential could be improved in many ways.
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Fig. 5.4. EAM potentials. Pair potentials vs interatomic distance in Å.

Figure 5.5 show the results after using the EAM/cd without reading the polynomial parameters.
Then, the contribution of the embedding function to the enthalpy of mixing of LiPb alloys
should be exactly zero.

EAM/alloy. -> Without using the cd polynomial coeffs
0,020

FCC
BCC

0,015

H (eV/at)

0,010
0,005
0,000
-0,005
-0,010
-0,015
-0,020
0,0

0,2

0,4

0,6

0,8

1,0

X Li

Fig. 5.5. Contribution of the embedding function to the enthalpy of mixing of LiPb alloys. Ideally it
should be exactly zero.
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5.1.5 Enthalpy of mixing

Enthalpy of mixing is easily calculated from MD runs. As first choice we started from a simple
polynomial of grade four negative enthalpy being Li-Pb a compound forming system. The
calculated ΔH with that initial potential gave wrong results with a crossing from negative to
positive values at high lithium concentrations. Next, we used as target the experimental curves
shown in figure 5.3 (and 5.6). Except when noted MD runs are cooling runs. Here we present
some preliminary results to illustrate the method.
Using different targets we obtained different potentials or different versions that we called pot.
v1, v2 etc or just pot. 1, 2, etc. The curve used as target took in account the energies of
formation of some compounds as described in (Hubberstey 1975) and shown in Table 5.V.
Potential 5 seems to give good fitting of the experimental enthalpy of mixing according with
(Gasior et al 2001). One point to be noted is that our MD results have been obtained in cooling
runs because some compounds have melting points (or decomposition temperatures!) higher
than 800 K (See phase diagram in Fig 5.1). The statistical error bars are the size of the symbols.
If we compare now ΔH at 1000 K with experimental results from (Ruppersberg 1976), as can be
seen in Fig. 5.6 (Right) now pot. 4 gives better results than pot 5. In next sections we will see
how these differences affect other properties.

Fig. 5.6: Left) Calculated ΔH at T = 800 K compared with experimental data (Gasior 2001). Right) 5.7:
Calculated ΔH at T = 1000K compared with experimental data (Ruppersberg 1976).
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5.1.6 Potentials, Polynomials and Targets

To understand a little bit better the somewhere trial-and-error process of fitting enthalpies we
show in the next two figures the different targets used as well as the different polynomials
obtained. These polynomials we will be important if we try to determine the eutectic point with
some of these potentials. (One more paper is in progress dealing with different methods to
determine the eutectic point in LiPb phase diagram (Fraile 2013)). Left part of Fig 5.7 shows the
targets used to create potentials v2 to v5 respectively and right part show the polynomials
needed to fit enthalpy of mixing calculated with our potential, to the target.

Fig. 5.7. Left) Targets for LiPb EAM/cd potentials. Right) Polynomials obtained with the targets shown
in left picture.

5.1.7 Heat capacity

Heat capacity at constant volume, Cv, can be calculated from the energy oscillations as:

CV 



1
E2  E
2
k BT

2



(5.23)
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But experimental heat capacity values are usually measured at constant pressure, Cp. These two
quantities are related by the well know relation Cp-Cv=VTα2/βT where α is the coefficient of
thermal expansion and βT is the isothermal compressibility. If we calculate the enthalpy of the
system, defined as H = U + pV where U is the internal energy of the system, p is the pressure at
the boundary of the system and its environment, and V is the volume of the system, then we can
easily calculate Cp.

 H 
Cp  

 T  p

(5.24)

Li17Pb volume change and enthalpy change at melting results are close to the expected values.
The experimental value is ΔHf = 5.8 kJ/mole and our simulation gives ΔHf = 5.3 kJ/mole. See
next figure. Two simulations (using pot 5) are shown to check size effects, with 2048 and 13500
atoms respectively. Note: Eutectic point is still under discussion but in our simulations of
eutectic LiPb we will use 17 % of Li as eutectic concentration except when noted.
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Hf= 5,25 kJ/mol (Exp = 5,8)
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Fig. 5.8 Calculated enthalpy of Li17Pb from two different MD simulations. (Black squares 2048 atoms,
red circles 13500). Blue arrow signals the enthalpy jump at melting.
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From the slope of this H vs T curve one can obtain the heat capacity at constant pressure, Cp, of
Li17Pb. Calculated Cp, gives good agreement with the experimental value as can be seen in Fig.
5.9. Is to be noted that Cp values (or temperature dependence) are different wit different
potentials something that we will see is not always true if we look at the structural properties.

Cp (J/mole K)

40

HC eut EXP
pot 5
pot 4
pot 3
pot 2

35

30

25
700

800

900

1000

1100

1200

1300

1400

1500

Temperature (K)

Fig. 5.9: Calculated heat capacity of liquid Li17Pb using different potentials compared to experimental
data (Mas de les Valls 2001). MD heating runs with T ranging from 900 to 1400K.

5.1.7.2 Heat capacity in LiPb system.

Little is known about the heat capacity Cp, of liquid alloys and its variation with composition
and temperature (Bergman 1985). From the thermodynamic point of view, the positive excess
specific heat is the most important indicator of the existence of chemical short range order
(CSRO or just SRO hereinafter) in liquid alloys.

In next figure we compare the Cp of LiPb systems calculated with potentials 4 and 5 with
experimental data found in (Saar 1987). As can be seen the MD results roughly follow the ideal
behaviour signalled by violet dashed lines.
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Fig. 5.10. Heat capacity of LiPb system using two different potentials (pot4 and pot5) compared with
experimental data (Saar 1987).

5.1.8 Density of LiPb system:

In next figure we compare density of LiPb systems calculated with potentials 4 and 5 with
experimental data available in (Saar 1987). MD simulations has been carried out with 4000
atoms and size effect has been checked.
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Pot 4 (N= 4000)
Pot 5 (N= 4000)
Experimental

Density (g/cm3)

10
8
6
4
2
0
0

20

40

60

80

100
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Fig. 5.11. Calculated density of Li-Pb system from MD simulations. (N = 4000 atoms) compared with
experimental values (green triangles) taken from (Saar 1987).
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All those calculations have been made from MD cooling runs as explained before. The overall
agreement is good (error is about 10%). The dependence of SRO and compound forming effects
is not yet clear.

5.1.9 Volume

We can also compare predicted volume from our MD (T = 1000 K, cooling runs) simulations
with experimental results taken from (Saar 1987). Again, possible size effect has been checked.
With N = 13500 atoms, the sample is big enough and size effects are not important. In a similar
way as before, the volume of our simulated LiPb systems (See Figure 5.12) almost present an
ideal linear behavior (Vegard’s rule) while experimentally LiPb system shows a clear volume
contraction at 80 % of Li concentration.

34

3

Vol (A /at)

32
30

Li1-xPbx
Heating run
T= 1000 K
N= 13500 atoms
t= 45 ps

28
26
pot 3
pot 4
pot 5
Experimental

24
22
0,0

0,2

0,4

0,6

0,8

1,0

Pb X

Fig. 5.12.

Calculated volume of Li1-xPbx compounds with 3 different potentials. MD heating run,

N=13500 atoms, total simulation time 45 ps. Experimental data from (Saar 1987).

5.1.10 Eutectic

If we focus now in the eutectic concentration, namely Li17Pb, we will see how Potential-5 gives
good thermodynamic results in the eutectic. In Fig. 5.15 the calculated density with Pot-5 is
shown and compared to experimental values according to (Mas de les Valls 2001). As can be
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seen the overall agreement is quite good (error is about 5 %) and the dependence with
temperature (dρ/dT) is almost exactly the same.
The result shown in figure 5.13 is encouraging but can be misleading. Density is not a good
property to compare different potentials. In fact the result is almost the same with potentials 3, 4
and 5. (See Fig 5.13). This is important because it means that different potentials, that give
different thermodynamics, can give almost indistinguishable structural properties hence the
structural properties of liquids should not be a target to create potentials. See (Figure 5.9) heat
capacity results of liquid LiPb eutectic with different potentials. Cp vs T is different depending
on the potential employed, while density is almost identical.

Li17Pb, N=13500 atoms
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Fig. 5.13. Calculated density of Li17Pb from MD simulations (N = 13500) compared with experimental
values (black).

5.1.11 Structural properties

As we advanced in Chapter 4, (Eq. 4.19) the pair-correlation function is generally defined as:

g (r )    2

 r  r
i

j i

i

j

 r   V2
N

  r  r 
i

j i

0

(5.25)
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where ρ is the atomic density ρ = N/V.The radial distribution function RDF(r), given by

RDF ( r )  4r 2  0 g ( r )

(5.26)

can be integrated to obtain the average number of neighbouring atoms in a coordination shell:

r2

r2

r1

r1

n   RDF (r )dr 40  g (r )r 2 dr

(5.27)

where r1 and r2 are the distances corresponding, for example, to consecutive minima in g(r) 
the deeper the minima, the more robust the delimitation of atomic shells. The average number of
atoms in the first (i.e. innermost) shell is often called the coordination number. It should be
noted that there is often some confusion about the meaning of the coordination number.
Firstly, it does not mean that every atom in the structure has this number of atoms around it; the
coordination number is an average - hence it is quite reasonable to have a non-integral number.
Secondly, the definition of the limits of the first shell in equation (5.27) is somewhat arbitrary
and various methods for quoting coordination numbers are often used, e.g. integrating to the
first minimum in g(r), fitting and integrating peaks in g(r) (see, e.g. Waseda 1980, Pings (1968).

Temperature (K)

r1 exp (Å)

r1 MD

r2 exp

r2 MD

r2/r1 exp

r2/r1 MD

573

3,52

3,28

6,67

6,21

1,89

1,89

593

3,55

3,28

6,72

6,14

1,89

1,87

653

3,60

3,28

6,81

6,21

1,89

1,89

673

3,56

3,34

6,89

6,14

1,93

1,83

Table 5.II. Main results for Li17Pb total g(r). Comparison between MD and experiments (Mudry 2008),
all distances in Å.
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Fig. 5.14. Partial g(r) calculated from MD cooling runs at T = 508 K (left) and T = 594 K (right).

Table 5.II collects the results of total pair distribution, g(r) function for Li17Pb obtained using
pot 5 and those presented in (Mudry 2008). As can be seen in both tables, the positions r1 and r2
are a little bit different while the ratio, r1/r2 agrees very well with the experimental value.
Figures 5.14 show the partial distribution functions, gij(r) at two different temperatures, namely
508 K (left) and 594 K (right). Numerical results are collected in Table 5.III.

gij(r)

T(K)

Exp r1(Å)

MD r1(Å)

Error (%)

Pb-Pb

508
593

3.55
3.54

3.35
3.28

<10
<10

Pb-Li

508
593

2.79
2.77

3.41
3.35

25
25

Li-Li

508
593

2.40
2.76

3.3 (3.02?)
3.47 (2.89?)

35
35

(<10)
(<10)

Table 5.III. Main results for Li17Pb eutectic partial g(r)’s. Comparison between MD and experiments
(Mudry 2008). r1 Pb-Li and r1 Li-Li does not match the experimental results.

With all those results the potential 5 (for example) could be considered good enough to simulate
Li17Pb system. However let see first what happen at higher Li concentrations.
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5.1.12 Li50Pb50

As before, when we compared density results for eutectic concentration (See figure 5.13), now,
in liquid Li50Pb50 potentials v5, v4 and v3 give almost the same result. The dependence with
temperature (dρ/dT) is almost exactly the same. Interestingly the v2 potential, which is far from
giving good results looking at the enthalpy curves (figures 5.6) is giving now the best result for
the LiPb liquid density. This however is again not guarantee of having a good description of the
liquid for that concentration as we will see soon.
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Li50Pb50, BCC ClCs type. N=9826 atoms
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Fig. 5.15. Calculated density of Li50Pb50 from MD simulations (N = 13500) compared with experimental
values (cyan) taken from (Saar 1987).

Again, both potentials v3, v4 and v5 are almost giving the same results looking at the density of
liquid Li50Pb50 while Cp results for the eutectic are different, and enthalpy curves are different as
well. This reinforces what was said before; different potentials, that give different
thermodynamics, can give almost indistinguishable structural properties and structural
properties should be taken with care as target for interatomic potentials.
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5.1.13 Structural factors

We can also compare with ab initio investigations (Senda 2001). Overall agreement is good for
both compounds. However all these calculations are somewhere blind to the real structure of the
liquid as we will see when we study segregation and SRO. In next figure we compare partial
distribution functions (as defined in Chapter 4, Eq. 4.18 and 4.19) of liquid Li50Pb50 and Li80Pb20
with the results reported in (Senda 2001). Temperature is fixed to 1075 K and 805 K for the
liquid Li80Pb20 and Li50Pb50 alloys, respectively.

Fig. 5.16. RDF gLiLi(r), gLiPb(r) and gPbPb(r) for the liquid Li0.8Pb0.2 (solid line - black) and Li50Pb50 (broken
line - red) alloys. Left graphs taken from (Senda 2001).
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5.1.14 Problems: segregation

In order to get a quantitative measure of the chemical order we consider the coordination
numbers defined as

nij  4

Nc j
V



Rij

0

g ij (r )r 2 dr

(5.28)

It is well known that these quantities suffer for some arbitrariness in the definition of the upper
limit of the integral. (Rij is chosen as the position of the first minimum of the corresponding
gij(r)). This is important in the case of alloys since four coordination numbers can be defined
according to the chemical nature of the pairs. The Warren-Cowley (Cowley 1950, Warren 1969)
short range order (SRO) parameter for the first neighbor shell, α1(i), is a simple way of
displaying the short range order in the alloy. It is defined as

1(i )  1 

nij

x j nii  nij 

( j  i  1,2)

(5.29)

where nij is the number of j-type particles around an i-type particle, within a sphere of radius Rij.
We will use this definition (Eq. 5.29) of SRO hereinafter. However, coordination numbers are
strongly influenced by the concentration of the mixture and chemical order does not always
appear clearly. Therefore, various parameters have been proposed in the literature to allow a
quantitative description of the chemical order in a mixture. Another one is the so called local
mole fraction method

xs  1 

n11
n22

1
n11  n12 n22  n21

(5.30)
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since it is independent of the concentration. If the system exhibits complete chemical disorder,
xs−1=0, while it becomes positive with homocoordination (it tends to 1 when both components
are immiscible) and becomes negative with heterocoordination and compound forming.

5.1.15 Pot-4 and Pot-5 comparison

Let us now compare potentials 4 and 5 looking at the SRO predictions, for a liquid LixPb1-x
alloys at 1000 K, in all Li concentration range (x from 0.1 to 0.9 in 0.1 Li concentration steps,
N=13500 atoms). As shown in Fig 5.17 SRO values are positive (segregation) for intermediate
Li concentration (40-70%). The values are slightly negative, indicating slight tendency toward
heterocoordination for low and high Li concentrations (10 - 30% and 80 - 90%).

Fig. 5.17. Left) Pb SRO in LiPb system calculated using potentials number 4 and 5. Right) Li SRO.

Fig. 5.18. Left) Pb SRO in LiPb system calculated using potential 5 at several simulation times, 8 ps 15
ps 30 ps and 45 ps as labelled. Right) Li SRO in LiPb system.
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What is important in the last graphs (Fig. 5.18) about SRO is to note that short time simulations
will give results far from equilibrium from a chemical point of view, i. e., the system is still
evolving. Then, one has to take into account that apart of thermodynamic properties as
temperature or pressure one should look at SRO time evolution to be sure about equilibrium
properties according to the potential employed. Figure 5.19 shows the temporal variation of Li
SRO for different Li concentrations in liquid LixPb1-x systems at 1000 K.
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Fig. 5.19. Li SRO values calculated from MD runs data for nine different LiPb systems at four different
times. (T = 1000 K and N = 13500 atoms, potential number 5)

Another important benchmark is to check size effects on the calculated SRO. As can be seen in
Figure 5.20 SRO can depend on the initial random configurations, i.e. initial seeds for random
velocities creation and random Li substitution in Pb fcc lattice (see LAMMPS manual) if the
sample is not big enough (or if the simulation is not long enough). If N = 13500 or bigger, then
SRO does not change more than a 5 % with different initial configurations.
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Fig. 5.20. Calculated SRO for Li80Pb20 at T = 1100 K for two different size simulations (N = 500 and N =
13500). In black fcc Pb SRO, in red Li SRO.

The meaning of positive SRO or homocoordination is better shown in next section. A simple
visualization of the systems shows two different regions, one Pb rich and another one Li rich
like a water and oil mixture. The system presents segregation while experimentally both metals
are miscible. The results for potential 4 are very similar and are not shown for brevity shake.

5.1.16 (Visual) Segregation

In this subsection we will make use of the open visualization tool (Ovito) (Stukowski 2010) to
observe the aspect of our sample after melting. As can be seen in the following figures, at first
sight some homocoordination, is to say demixing or segregation can be adverted. Figure 5.23
correspond to a small simulation (N = 2662 atoms) of Li50Pb50 heated up to 1300 K staring from
a bcc B2 phase. Figure 5.23 demonstrate that positive SRO is not a size effect.
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Fig. 5.21. Snapshot after a MD heating run up to 1300 K of a Li50Pb50 sample starting from a bcc lattice
ClCs type. System shows homocoordination.

In next figure we show a result obtained after a long simulation (total time 50 ps) of a big
sample (N = 500000 atoms) using 100 processors in the “Finis Terrae” supercomputer (Centro
de Supercomputación de Galicia, CESGA).

Fig. 5.22. Snapshot after a MD heating run up to 1300 K of a Li50Pb50 sample starting from an fcc lattice
(N = 500000). System still shows homocoordination.

Next figure summarize the calculated SRO values for LiPb liquids at different concentrations
with different sample sizes.
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Fig. 5.23. Calculated SRO for LiPb system at liquidus temperature for two different size simulations (N =
10000 and N = 500000). In black Pb SRO, in red Li SRO.

5.1.17 Understanding segregation

The system minimizes energy segregating in two phases, one rich in lead and one rich in lithium
as can explained by the shape of the energy of mixing used as target. See next figure. For
example, a Li40Pb60 (long red arrow) liquid will segregate in a mixture of two subsystems, one
will be Pb rich (left red arrow) and another one Li rich (right red arrow).

Fig. 5.24. A Li40Pb60 alloy “artificially” segregates in two “phases”, one rich in Li (around 75% Li +Pb)
and another one rich in Pb (10 % Li +Pb).
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We define now a new target and include in it also the energy of the LiPb compound (50%
concentration) in the B2 phase (bcc ClCs type). What is important here is that the new potential
that gives an energy for LiPb (5050) in ordered phase (B2) lower than the solid solution. (We
can check running MC simulations that the liquid 5050 system will solidify in and ordered bcc
phase ClCs like)

5.1.18 Li50Pb50 crystal structure:

According to H. Okamoto 1993 (ASM alloy Phase Diagram centre website) LiPb has two
different crystal structure (CS) of LiPb in the solid phase. At room temperature CS is the hR6
(Pearson Symbol) R-3m (Space group) and at high temperature (T > 200 ºC) CS is a bcc cubic
like the ClCs one (cP2, Pm-3m). The values of density, volume and cell parameters are listed in
the following table.

Density (g/cm3)

Pearson Symbol
Space Group
rt (0<T<200 ºC)

Cell parameters (Å)

3

Volume (nm )

hR6

8

a= 4.9872 α = 90

R-3m

0.13329

b= 4.9872 β = 90
c= 6.1882 γ = 120

ht (200<T<482ºC)

cP2

7.71

a= 3.586

α = 90

Pm-3m

0.04611

b= 3.586

β = 90

c= 3.586

γ = 90

Table 5.IV. Crystal data for Li50Pb50 compound (Zalkin 1957) at two different temperature ranges, room
temperature (rt), and high temperature (ht).
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Fig.5.25. LiPb CS: Left at high temperature (T > 200 ºC) CS is a bcc cubic like the ClCs one (cP2, Pm3m). At room temperature CS is the hR6 (Pearson Symbol) R-3m (Space group).

Fig. 5.26. Sample for LiPb B2 phase (ClCs-like) visualized with OVITO (Stukowski 2010).

Li50Pb50 has a well known crystal structure in solid phase. Nevertheless, final results in liquid
phase are almost independent on the initial crystal structure, bcc ClCs type or just fcc with
random substitution of Pb by Li ones. In the next figures can be seen how calculated partial
g(r)’s are almost the same at two different temperatures above melting point.
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Fig. 5.27. Partial RDFs of Li50Pb50 at 800 K (left) and 1300 K (right) starting from two different initial
CS; In red the results using an fcc lattice with random substitution of Pb atoms and in black the same with
a bcc lattice ClCs type. From up to down, Li-Li, Li-Pb and Pb-Pb partial g(r), as indicated in the figures.

5.2 A Brand New Potential

5.2.1 Li50Pb50 cohesive energy and lattice parameter in the target

In order to get rid of the segregation problems a new potential has been developed adding as one
more fitting parameter the cohesive energy of the LiPb in the B2 phase.
PbLi (5050) CS is the B2, CsCl type. The B2 structure has a primitive cubic Bravais lattice with
two atoms per unit cell. In the binary compounds, the unit cell contains one atom of each type
and so we can consider the lattice to consist of two interpenetrating simple cubic lattices, a and
b, each of which contains atoms of only one type under conditions of perfect order at 0 K. Over
the last years, there have been many papers dealing with different aspects of binary and ternary
B2 compounds (Zhou 2011).
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Tablee 5.V. Left) Table
T
1 from (Hubberstey
(
1997). Right: Table
T
1 from (Molina 19988). Both paperrs give
the saame cohesive energy
e
for LiP
Pb in bcc B2 phase.
p

e
l lattice paraameter for thhe B2 phasee is 3.586 Å (Zalkin 19557, 1958) an
nd the
The experimental
cohessive energy -2.415
eV/att (Hubbersteyy 1997) thatt also corresppond to the ccalculated with
w ab
initioo techniques (Molina 19998).
Naiveely is easy too think that the
t nearest neighbors
n
aree alternated, i.e., if we sttart sitting in
n a Pb
atom first NN aree Li, second NN
N are Pb ettc.. But this is
i not correctt! First NN is the other kind
k
of
k
of atom
m that the inittial one (=). This can be better
atom (≠), but nexxt two NN arre the same kind
seen in figure 5.30.

Fig. 5.28.
5
Li50Pb50 CS and nine first
f
nearest neeigbours. 1, 4 and 7 are diff
fferent (≠). Thee others are eq
qual to
the orrigin atom (=).
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Next table summarizes the distances, number of NN total number of atoms in shell I, ΣT, and
type of atom (= or ≠). Figure 5.29 was made as double checking in order to assure that the
created CS was the desired one.

ΣTimax

NN

r x(a0)

N

Type

1

(√3)/2

8

2

1

6

14

=

3

(√2)

12

26

=

4

(√11)/2

24

50

≠

5

(√3)

8

58

=

6

2

6

64

=

7

(√19)/2

24

88

≠

8

(√5)

24

112

=

9

(√6)

24

136

=

≠

Table 5.VI. B2 phase. Distances (in lattice parameter, in a0 units), number of nearest neighbours and
atom type, different (≠) or same (=) as “origin one”.
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Fig. 5.29. Li50Pb50 Partial radial distribution functions (with a = 3.5 Å). The g(r) peak positions and
number of NN are given in table 5.VI.

With the numbers given in table 5.6 for NN and type of atom the energy of the B2 phase can be
written as
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EB 2






 FPb 8 Li (r1 )   6 Pb (r2 )   12 Pb (r3 )   24 Li (r4 )  


 0.5  8 Pb ( r5 )   6 Pb ( r6 )   24 Li (r7 )   24 Pb ( r8 )   24 Pb (r9 )    +

 8V (r )   6V ( r )  12V (r )  24V (r )  8V ( r ) 

Pb 2
Pb 3
PbLi 4
Pb 5

 1  PbLi 1



 2  6VPb (r6 )  24VPbLi (r7 )  24VPb (r8 )  24VPb ( r9 )






 FLi 8 Pb ( r1 )   6 Li ( r2 )   12 Li (r3 )   24 Pb ( r4 )  



0.5  8 Li (r5 )   6 Li (r6 )   24 Pb (r7 )   24 Li (r8 )   24 Li ( r9 )   
 8V (r )   6V ( r )  12V ( r )  24V ( r )  8V ( r ) 


Li 2
Li 3
PbLi 4
Li 5
 1  PbLi 1



 2  6VLi ( r6 )  24VPbLi ( r7 )  24VLi ( r8 )  24VLi ( r8 )



(5.31)

5.2.2 Fitting potential procedure

In the low radius regime we assume that the PbLi-mix potential will be essentially correct so we
fit our new potential to a new sum of splines only for r > 2.5 Å for example. As can be seen in
next graph the new potential matches correctly the Vmix potential in this point.

Vmix
Fit

V (eV)

2

1

0
2,0

2,2

2,4

2,6

2,8

3,0

r (A)

Fig. 5.30: Match between our fitted potential (red line) and the original (black line) for very short
distances (r < 2.5 Å).
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Depending on the definition of EB2 the resulting potential can be very different and, of course
depending on the “fitting parameters”. Next figure shows different unrealistic potentials that can

V (eV)

be obtained with uncareful choice of targets and weights.

0,3

Vmix

0,2

V test-1
V test-2

0,1

0,0

-0,1

-0,2
3

4

5

6

r (A)

Fig. 5.31. Different potentials obtained with two different definitions of energy in B2 phase compared
with the average of Pb and Li pair potentials, Vmix.

The current fitting procedure considers VPbPb(r), VLiLi(r), FPb(ρ), and FLi(ρ) as given from the
pure elements; the only unknown function is then the cross-pair interaction VLiPb(r) which
contains the fitting parameters, {ai}. This is given the common form of a piece-wise cubic
polynomial possessing some nk knots at (chosen) positions ri,

nk

VLiPb (r )   ai H (ri  r )(ri  r )3

(5.32)

i

where H(x) is the Heaviside unit step. All potentials are imposed to reach up to the 5th
neighbours shell, implying a host of three-body terms to be dealt with.
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Fig. 5.32. Fit of Vmix to a sum of splines. In black the average of Pb and Li pair potentials Vmix, and in red
the fitting function.

As target we use a Redlich-Kister expansion (Saunders 1998) for mixing energies, ΔH,

n

g ( x, T )  x(1  x)  L p (T )(1  2 x) p

(5.33)

p 0

As far as we are concerned there are no data about ΔH for LiPb at 0 K. However, ΔH is in
general independent of temperature (and in fact ΔH is very similar both at T= 800 K (Gasior
2001) and T= 1000 K (Ruppersberg 1975) so we can suppose ΔH at 0 K will have a similar
shape that those reported for the liquid system. Also importantly, inflexion points in mixing
enthalpy target can lead to segregation, i.e. positive values for short range order (SRO)
parameter, in order to minimize total energy (See figure 5.24). In figure 5.33 we present the
enthalpy of mixing calculated with new potentials M1, M2 and M3 (M for Madrid). The
cohesive energy of LiPb in B2 phase, is also used as a target. The orange square represent the
result obtained with potential M1 that as we will see gives the best results in different
properties.
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Fig. 5.33. Enthalpy of mixing vs Li concentration. Experimental values taken from (Ruppersberg 1975),
MD results as labelled. Cohesive energy of LiPb in B2 phase, (purple square) is also used as a target.
Orange square represent the result obtained with potential M1.

In order to ensure that the potential will give correct thermodynamic properties we also use as a
target the cohesive energy and lattice parameter of LiPb compound. This compound has two
different CS in solid phase (Zalkin 1957). At low temperature (T < 200 ºC) CS is the
“hexagonal” hR6 and at high temperature (200 < T < 482 ºC) CS is bcc ClCs-like, i. e. two
simple cubic structures interpenetrating (see Table 5.IV for details). What is important here is to
have a smaller cohesive energy in the solid ordered phase compared to the disordered (liquid)
one. That way, we will have correct melting point of this compound and hopefully (how we will
see) correct phase diagram description.

The work of Ruppersberg and Eager (Ruppersberg 1975) shows that Li–Pb alloys manifest a
preference to an unlike atom arrangement leading to a short-range order in the alloy. In a recent
work (Mudry 2008) atomic distribution in the Pb83Li17 eutectic seems to be significantly
affected by the Li4Pb associates. These chemically ordered structural units (also called Zintl
ions) are randomly distributed in Pb “matrix”.
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In the theoretical work of Anusionwu (Anusionwu 2005) the influence of the strong
heterocoordination tendency of the Li–Pb liquid alloy on its surface properties is studied using a
statistical thermodynamic model based on compound formation and that based on the layered
structure near the interface. In addition to the already mentioned Li4Pb compound formed in the
liquid alloy, the study shows that the compound Li3Pb also has a profound influence on the
thermodynamic properties of the liquid alloy.

5.2.3 Short Range Order

Now we do not have positive SRO (except when Li concentration is very high, >80%).
Experimentally, as far as we are concerned, there is only one experimental study (Ruppersberg
1982) that gives an estimation of SRO for LiPb alloys, and they gave SRO < 0 (around -0.2) for
high Li concentrations (between 40 and 80 %), but they admit that their calculations contain a
lot of uncertainties (See Table 2 in (Ruppersberg 1982)).
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Fig. 5.34. SRO values vs Li concentration calculated with new potentials. As can be observed now SRO
is not positive for intermediate Li concentrations (See figures 5.19-20 and 5.25).
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5.2.4 Structural properties

In figure 5.35 we present the structure factor Q(S(Q)-1) curves of liquid Li17Pb at 775 K (500
ºC). Experimental data have been taken from (Ruppersberg 1975) and MD results are shown
with two different potentials. It is noteworthy that different potentials can yield to different
thermodynamic properties but almost identical structural properties at certain compositions.
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Fig. 5.35. Q(S(Q)-1) of liquid Li17 at T = 775 K. Black squares are the experimental data (Ruppersberg
1975) red circles and green triangles represent calculated data with pot. M1 and M3 respectively.

The partial pair distribution functions, gij(r), are not shown for brevity shake, and are very
similar to the presented previously in figures 5.14 (a) and (b). The positions of the first peak, r1,
calculated with two different EAM/alloy potentials (M1 and M3) are summarized in next table.
Having satisfactory agreement between the structure factor calculated by MD and the
experimental one, a similarly good agreement would be expected in density. Indeed, our density
calculations give very good results in a wide temperature range from 500 to 1200 K (see Fig
5.36).
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gij(r)

T (K)

Exp r1 (A)

r1 (Å)

Error %

MD Pot M1
PbPb

PbLi

LiLi

r1 (Å)

Error %

EAM/cd

Error %

MD Pot M3

(New)

r1 (Å)

(Old)

508

3.55

3.28

< 10

3.28

< 10

3.73

< 10

593

3.54

3.28

< 10

3.28

< 10

3.67

< 10

508

2.79

2.95

<10

3.02

<10

3.02

25

593

2.77

2.75

<5

3.02

<5

2.95

25

508

2.40

2.95

< 10

2.89

< 10

3.05

35

593

2.76

2.95

< 10

2.89

< 10

2.9

35

Table 5.VII. Partial g(r) peaks with Pot. M1. The results are as good as or better than the obtained with
previous potentials (last column). General agreement is better than 10% of error in first peaks position.
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Fig. 5.36. Density of liquid eutectic calculated with potentials M1 and M3 (red circles and green triangles
respectively). Black squares are the experimental data taken from (Mas 2008). Blue dashed line
represents the result with Pot.5 (See figure 5.13).

To finish with eutectic properties we have analyzed lithium self diffusion in liquid Li17Pb.
Diffusivity is explained somewhere in detail in Chapter 6 so we will not repeat here definitions
and methods. The calculated values from MD simulations can be compared to the theoretical
estimation reported in (Mas de les Valls 2008). Our values are of the same order of magnitude
but some slightly different temperature dependence (Fraile et al, to be published).
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Fig. 5.37. Li self diffusion in Li17Pb calculated with potentials M1 and M3 as labelled. Black squares
taken from (Mas de les Valls 2008). Blue dashed line stands for the interpolation of theoretical data. Blue
arrow denotes the working temperature window in breeder blankets.

Note: Li17Pb working temperatures window comes determined by the structural materials
choice restrained by corrosion limits under eutectic flowing conditions (velocities between
mm/s for pure breeding concepts and m/s for self-coolant ones). Thermal windows typically
assumed range between eutectic points, 550 ºC, case of ferritic-martensitic steel, or 700 ºC,
assumed SiCf/SiC corrosion limit in flowing Li17Pb (Mas de les Valls 2008).

5.2.5 Volume contraction

Let us now examine the whole LiPb system. Experimentally, a volume contraction is observed
around 80% of Li (Saar 1987) sometimes claimed to be due to some kind of Li4Pb compound
formation still present in liquid phase. If we plot liquid PbxLi1-x volume (at a certain
temperature, here 1000 K in cooling run) vs Li concentration we observe the same contraction
almost at the expected Li concentration. Compare Fig. 5.38 to Fig. 5.12, the improvement
reached with these new potentials is evident.
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Fig. 5.38. Volume contraction in liquid LiPb system. The system departs from ideal behavior (blue line).
Experimental data from (Saar 1987). MD values calculated with three different potentials M1, M2 and
M3 as labelled.

5.2.6 Heat capacity

If we move to thermodynamics, another important deviation from ideal solution is observed in
the heat capacity, Cp, (Saar 1987). In next figure we present our Cp results compared to the
experimental data reported in (Saar 1987). Surprisingly, our interatomic potential gives a
different Cp result depending on the Li concentration, and the dependence with concentration
resembles the experimental curve. A positive excess heat capacity is a hint of positive SRO, i.e.
homo-coordination. However, in our MD simulations the mixtures are almost random
distributions, with SRO values close to zero independently of the Li concentration (and
increasing slightly at high Li concentrations, up to values around 0.1 for Pb atoms). Again, if we
compare figures 5.39 and 5.10 the improvement is noticeable.
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Fig. 5.39. Liquid LiPb alloys at 1000 K. Experimentally, Cp present a strong departure from ideality

(violet dashed line). Remarkably the MD results also present similar behaviour.

5.2.7 Structure factors and neutron diffraction theory

Information on the microscopic dynamics of liquid metals can be obtained using acoustic
spectroscopy and scattering experiments (Copley 1975, Scopigno 2005). The latter include
inelastic X-ray scattering and inelastic neutron scattering.
Structural properties of higher Li concentration alloys are trickier. Next figure summarizes our
MD results compared to available experimental results. It has to be noted that X-Ray scattering
(red squares) and neutron scattering results (black squares in Fig 5.40) are clearly different. Our
MD results both with EAM/cd potentials (red line) or EAM/alloy potentials (blue and green
squares) are similar and resemble better the neutron scattering data. Again we can see how
different potentials give very similar results regarding the structural properties, not only for low
Li concentrations but also for intermediate Li concentrations (50 %).
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Fig. 5.40. Liquid total structure factor S(Q) of Li50Pb50 at 775 K. X-Ray scattering (red squares) and

neutron scattering results (black squares). MD results: EAM/cd pot.5 (red line) or EAM/alloy potentials
(blue and green squares).

Let us pause here to mention some important result of neutron diffraction theory in order to
understand the structural properties of metals and alloys. The total structure factor S(q) of an
alloy is related to three sets of partial structure factors: the Ashcroft-Langreth (Ashcroft 1967),
the Faber-Ziman (Faber 1972) and the Bhatia-Thornton (Bhatia 1970) partial structure factors
(referred as AL, FZ and BT hereinafter). The relations between them are given by Waseda’s
book (Waseda 1980). The total structure factor is related to the BT partial structure factors
SNN(q), SNC(q) and SCC(q) by:

S ( q )  wNN S NN ( q )  wNC S NC ( q )  wCC S CC ( q )

(5.34)

where the weight factors are written versus the concentrations c1, c2 and the neutron scattering
lengths b1, b2 by:

wNN

2

c1b1  c2b2 

,

c1b12  c2b22

wNC

2c b  c b b  b 
 1 1 2 2 2 12 2
c1b1  c2b2
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and

wCC 

b1  b2 2
c1b12  c2b22

(5.35)

Coherent and incoherent scattering cross sections (in barns) for pure Pb and Li (99.05% 7Li,
0.95% 6Li) are summarized in Table 5.VIII.The different cross sections are supposed to be k
independent. Note that b1= 11,11 for Pb and b2 = 0,66 for Li (Ruppersberg 1975), then the
weight factors for different concentrations are collected in Table 5.IX.

bcoh

bincoh

bc+bi

Pb

11,11

0,3

11,31

Li

0,66

0,8

1,46

Table 5.VIII. Coherent and incoherent scattering cross sections (in barns) for Pb and Li according to

(Ruppersberg 1975).

Li17Pb83

Li30Pb70

Li40Pb60

Li50Pb50

wNN

0,887

0,73499

0,64694

0,5592

wNC

1,895

1,92617

1,9511

1,98593

wCC

1,025

1,26197

1,47107

1,76321

Table 5.IX. Weight factors defined in Eq.s (5.34) for eutectic composition and some Li-Pb alloys using

only the coherent cross sections given in Table 5.VIII.
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Fig. 5.41. Weight factors, w, in Li1-xPbx alloys vs Pb concentration, x, (right part of LiPb phase diagram).
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The BT partial structure factors have each a clear physical meaning. The partial structure factors
SNN(q), SNC(q) and SCC(q) indicate respectively the topological, the size and the chemical
effects. They are expressed as functions of the FZ partial structure factors aij(q) (i, j = 1, 2) by:

S NN ( q )  c12 a11 ( q )  2c1c2 a12 ( q )  c22 a22 ( q )

(5.36)

S NC (q )  c1c2 c1 ( a11 ( q )  a12 ( q ))  c2 ( a22 ( q )  a12 ( q )) 

(5.37)

SCC ( q )  c1c2 1  c1c2 ( a11 ( q )  a22 ( q )  2a12 ( q )) 

(5.38)

The FZ partial structure factors, aij(q), are connected to the partial pair correlation functions
gij(r) by:

g ij ( r )  1  hij ( r ) 

2

q a
 r

1



2

0

0

ij

( q )  1sin( qr ) dq

(5.39)

where ρ0 is the average number density.
In case of heterocoordination, the chemical effect appears in the partial structure factors a11(q)
and a22(q) by a positive prepeak and by a negative prepeak in a12(q). The prepeaks cancel in
SNN(q) and in SNC(q) but are magnified in SCC(q) . If the two species have very close sizes in the
alloy then SNC(q) may be approximately zero. If the size of the components ions do not change
in the alloy then it is possible to replace SNN(q) by a linear combination of the structure factors
S1(q) and S2(q) of the two pure metals:

S NN ( q )  c1S1 ( q )  c2 S 2 ( q )

(5.40)

These different assumptions lead to consider that the chemical effect appears mainly in the
partial structure factor SCC(q). The Fourier transform of S12(q)/(c1c2) is given by:
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1
2  0 rc1c2
2





0

 S (q) 
g (r )
q CC
 1 sin(qr )dq  g11 (r )  g 22 (r )  2 g12 (r )  CC 2
(c1c2 )
 c1c2


(5.41)

The quantity g11(r) + g22(r) - 2g12(r) is linked to the difference between the homo-coordination,
characterized by g11(r) + g22(r) and the hetero-coordination characterized by 2g12(r) and
indicates the nature of the chemical order in the first nearest neighbours shell.

Bhatia and Thornton (Bhatia 1970) define for a binary system an alternative set of partial
structure factors, SNN(q), SCC(q) and SNC(q), describing, respectively, the distributions of atomic
number density, of concentration and the correlation between the two. The measured total
interference function F(q) can be expressed in terms of Bhatia–Thornton (BT) partial structure
factors as

F (q )  b

2

2

 



S NN ( q )  b1  b2 S CC ( q )  b b1  b2  b
*

*

*

b

1





 b2  S NC ( q )  c1b1  c2b22
2



(5.42)

where c1 and c2 are the atomic concentrations and b  c1b1  c2b2 <b> = c1b1 + c2b2 is the
overall average scattering length. Fourier transformation leads to the BT partial pair-distribution
functions gNN(r), gCC(r) and gNC(r).

The BT and FZ formalisms are connected by simple linear combinations involving only the
concentrations c1 and c2 of the two species (e.g. Cusack (1987)):

S NN ( q )  c12 S11 ( q )  2c1c2 S12 ( q )  c22 S 22 ( q )

S CC ( q )  c1c2 1  c1c2 ( S11 ( q )  S 22 ( q )  2 S12 ( q )) 
S NC (q )  c1c2 c1 ( S11 (q )  S12 ( q ))  c2 ( S 22 ( q )  S12 ( q )) 
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(5.43)

where the coefficients differ slightly from those for the r-space functions:

g NN ( r )  c12 g11 ( r )  2c1c2 g12 ( r )  c22 g 22 ( r )

g CC ( r )  c1c2  g11 ( r )  g 22 ( r )  2 g12 ( r ) 

(5.44)

g NC ( r )  c1 ( g11 ( r )  g12 (r ))  c2 ( g 22 ( r )  g12 ( q ))

The number–number partial structure factor, SNN(q), concerns the sites of all the scattering
nuclei without regard to the chemical species decorating those sites and therefore represents the
‘colour-blind’ scattering cross-section, i.e. SNN(q) would be measured directly if both chemical
species had the same average (i.e. coherent) scattering length. The concentration-concentration
partial structure factor, SCC(q), describes the ordering of the two chemical species with respect
to the sites specified by SNN(q). When there is a preference for like or unlike neighbours at a
given distance, corresponding positive or negative peaks will appear in gCC(r), respectively.

For an ideal (solid or liquid) solution, in which the two chemical species mix randomly without
volume change or heat of mixing, all three FZ partial structure factors are equal and hence
SCC(q) = c1c2, i.e. constant. Conversely, any q-dependence in SCC(q) indicates non-ideal
substitution between the two species. Note that if the sample is a ‘zero alloy’, having <b> = 0,
then SCC(q) is measured directly in a diffraction experiment. The real-space counterpart of
SNC(q), namely gNC(r), describes the correlation between sites and their occupancy by a given
chemical species. If the sample is an ideal solution then there is no correlation between site and
chemical species, so that SNC(q) = 0 and therefore all q-dependence in F(q) (and hence all
structural information) is contained in SNN(q).

5.2.8 Li50Pb50 S(Q)

Density of LiPb alloys in the right part of phase diagram is correctly described by our
interatomic potentials (see volume vs Li concentration in Figure 5.38). Why is the total structure
factor S(q) so different from the experimental one?
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The number–number partial structure factor, SNN(q), defined in Eq. (5.36) concerns the sites of
all the scattering nuclei without regard to the chemical species decorating those sites and
therefore represents the ‘colour-blind’ scattering cross-section, i.e. SNN(q) would be measured
directly if both chemical species had the same average (i.e. coherent) scattering length. But
coherent scattering cross sections for lead and lithium (99.05 % 7Li, 0.95 % 6Li) are very
different, σPb = 11,11 b and σLi = 0,66 b respectively (Ruppersberg 1975).
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Fig. 5.42. Total structure factor, S(q), of Li50Pb50 alloys at 775 K calculated from MD simulations (green

and blue lines (pot M1 and Pot M3)) compared to SNN(q) taken from (Ruppersberg 1982).

Generally speaking, SNN(q) describes the distance correlation between particle-density
fluctuations and is normalised to modulate about one.
SNC(q) is related to the corresponding correlation between particle-density and concentration
fluctuations. It modulates about zero and becomes identical to zero for equal global
surroundings of particles 1 and 2. This corresponds to the case of a strictly substitutional alloy
('Keating case' for liquids) of equal-size atoms which in addition have to perform thermal
vibrations of the same amplitude. An experiment for which <b> = c1b1 + c2b2 = 0 yields SCC(q)
directly because the terms SNN and SNC in equation (1) vanish. This happens for the neutron
diffraction pattern of Li4Pb prepared from the isotope 7Li and natural lead. SCC(q) describes the
correlation between concentration fluctuations. It oscillates about clc2 and becomes identical to
c1c2 for strictly substitutional alloys if the atoms 1 and 2 are distributed at random.
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Next figure show the Li50Pb50 S(q) at 775 K calculated from MD simulations with Pot M1 and
Pot M3 compared to theoretical hard-sphere curve with hard-sphere diameter σ = 2.8 Å and
packing fraction η = 0.43 (Ruppersberg 1982).
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Fig. 5.43. S(q) of Li50Pb50 alloys at 775 K calculated from MD simulations green and blue lines (Pot M1

and Pot M3) compared to theoretical hard-sphere curve (Ruppersberg 1982). Inset shows liquid Li50Pb50
density vs T. Red squares represent the values obtained with MD. Black squares are the experimental
values (Ruppersberg 1976). Blue dashed line stands for the results shown in Fig. 5.15.

Liquid Pb structure is “hard-sphere like” according to (Waseda 1980), thus LiPb system seems
to be governed by, Pb, the heaviest atom (mPb ~ 30mLi) when Li concentration is low (eutectic
for example) and up to 50 % of Li concentration, presenting a HS structure. This is not
surprising since even in the 50-50 concentration Li represents less than 4 % of the total mass. In
next figure the total par distribution functions is shown. As can be seen the curves change little
up to Li concentrations around 30 or 40 % with both potentials, the old EAM/cd version (Pot-5)
and our best EAM/alloy potential, Pot M1. With the first one the first peak broadens and shift xposition towards lower radius decreasing height as well. With Pot M1 the x-positions (r1 and r2)
moves to the left but the shape of the curve remains almost invariant.
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Fig 5.44. Total pair distribution functions of liquid LiPb alloys (T = 1000 K) as labelled. Left) results

with EAM/cd Pot-5. Right) Results with Potential M1.

5.2.9 SRO Analysis
It is important to mention that EAM potentials present some limitations. For example charge
transfer is simply neglected in this kind of potentials (both EAM/cd or EAM/alloy). And charge
transfer will be important when we are dealing with alloys of two different metals like Li and Pb
having so different chemical properties. One just has to look at the electronegativity as
mentioned in Chapter 2. To illustrate this fact, next figure show the density charge according to
ab initio calculations (Senda 2000).

Fig. 5.45. The difference of the electron-density distribution for the ionic configuration of the liquid

Li80Pb20 alloy from the linear combination of the atomic valence-electron-density distribution. The Li and
Pb ions are drawn as blue and red balls, respectively (Senda 2000).
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Another evidence of negative SRO is the departure of eutectic viscosity from linear
interpolation of Li and Pb viscosities; η < ηid as can be seen in Fig. 2.4 (Chapter 2).
If we calculate the ordering potential as defined in (Pasturel 1985)

CC ( r )  c1c2 11 ( r )   22 ( r )  212 ( r ) 

(5.45)

where 11 stands for Pb-Pb, 22 for Li-Li and 12 for Li-Pb interactions, then the ordering
potential is deeper for the 50-50 concentration (see Fig. 5.46). This fact suggests that SRO will
present a maximum at this concentration that is roughly what we observe in figure 5.34.
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r (A)
Fig. 5.46. Ordering potential, φCC, is symmetric by definition  SRO will be also symmetric!?

To further understand the SRO properties of LiPb system we tempted to use EIM (embedded
ion method) potentials as tool to calculate trends on SRO depending on the difference on
electronegativity (Zhou 2011). With those potentials SRO is negative for example in liquid LiF,
however those potentials for alkaline salts in general are not good enough to describe the
properties of single elements like Li in solid or liquid phase.
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5.2.10 Eutectic point

Many questions remain unclear around eutectics (Kalashnikov 1997). Here we shortly present
some ideas in order to determine the eutectic concentration according to our MD simulations.
To that end we have simulated 6 different eutectic LiPb systems, with concentrations ranging
from 14% to 19% in liquid phase, (temperatures ranging from 800 K to 1600 K). Cell size was
13500 atoms in total and the final configuration was in equilibrium (after 50 ps). To summarize
we can see that SRO decreases when lithium content increases and there is no clear evidence of
some anomaly in this trend around eutectic point.
As was advanced in Chapter 4, Wendt Abraham and translational parameters (see definitions in
Section 4.6) could be used in our study of the determination of the eutectic in the LiPb phase
diagram. However there is no clear maximum or minimum signalling the eutectic point (Fraile
A. et al, to be published).

Fig 5.47. Left) Partial, Wendt–Abraham Parameter, rWAAB, for LiPb alloys close to the eutectic point at

T=1000 K. Right) Partial translational parameter, ζ, for LiPb alloys close to the eutectic point at 1000K.

We studied the ratio between kinetic energy and potential energy, KE/PE, for all the mentioned
alloys and there is not clear difference between them as can be seen in figure 5.48 (Left). That
ratio gives an idea of the disordering velocity of the system. As one more example we defined
the critical temperature, Tc, of our system as that temperature where SRO equals zero (SRO
tends to 0 when T increases). Then, if we represent that Tc vs Li concentration again, a
minimum seems to appear around 17% of Li. See right part of next figure.
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Fig 5.48. Left) KE/PE ratio for six different LiPb eutectics vs temperature. Right) Critical temperature vs

Li concentration calculated from Li and Pb SRO in the melt.

Many other properties could be studied in detail around the eutectic concentration as Li
diffusivity, SRO etcetc. However it has to be noted that some results can be potential dependent.

5.2.11 Phase Diagram

Now, to finish this Chapter we discuss our results regarding the phase diagram. Our EAM/alloy
potential has been created to give the correct thermodynamic properties of Li50Pb50 system.
Indeed, the melting point calculated after careful determination of the free energies as described
in Chapter 4 gives an acceptable value for the melting point. The results are shown in Fig 5.49.
Melting point predicted by this calculation is 720 ± 25 K while the experimental melting point is
755 K. Free energies of the disordered LiPb compounds for Li < 50% has been calculated, as
well as the free energies of solid and liquid fcc-Pb+Li with Li concentration ranging from 1 to
5%. The common tangent method will be applied (Christian 1965, Atkins 1990). However, the
problem is complex and a detailed understanding of SRO in the liquid will be needed in order to
construct the phase diagram. For this reason the work is still under progress.
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Fig 5.49. Li50Pb50 (B2) free energies calculated with potential M1: Melting point is very close to the

experimental value, MD = 720, Exp 755 K.

The calculation of phase diagram is currently under construction and discussion. Figure 5.50
shows a simple estimation based on enthalpy/volume jump. Interestingly for low Li
concentrations we observe a clear decrease in the melting temperature, as expected. Main results
shown in this Chapter will be published in a forecoming paper (Fraile 2013).
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Fig 5.50. Pb-rich part of LiPb phase diagram; Red and green lines represent a simple the estimation from

MD heating cycles. Black lines represent the experimental phase diagram according to (Okamoto 1993).
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Other methods like to determine melting like two-phase coexistence (Ladd 1977 1978, Alfè
2002) are being explored. A comparison review of different methods using MD can be found in
(Zhang 2012).

5.3 Conclusions

In summary we have developed a new LiPb interatomic potential. Our MD simulations gave
good match of many structural, thermodynamic and dynamic properties around the eutectic
concentration. This is not so difficult to accomplish and different potentials can lead to very
similar structural properties but different thermodynamic ones so a careful examination of
different physical properties is mandatory.
Higher Li concentrations showed more difficult to describe by a simple EAM/alloy potential
due to possible charge transfer between Li and Pb ions. The difference observed between
calculated structural properties compared with experiments can be explained in terms of the
Batia-Thorton theory. The main results described in this chapter will be submitted to Phys. Rev.
B.
A realistic interatomic potential like the proposed one would be useful to simulate several
problems of scientific and technological interest like solidification process and the study of
cooling ratio effect in the solid structure of the alloy, determination of the optimal composition
for eutectic behavior etc.
Introduction of a third kind of atom (He and/or H) in the system is being studied. This, for
example, will permit to study the solubility of tritium (or helium) in LiPb eutectic alloy in silico.
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Chapter 6

Hydrogen in liquid metals

Although the study of hydrogen in metals dates back over a century (Graham 1866,
Fukai 1985, 1989), our understanding of these systems is not fully satisfactory. The studies on
the interplay of all possible mechanisms of mass transport at the interface of liquid metal-gas
systems are of a topical interest, from a scientific and a technological point of view. Here we
present hydrogen diffusivity calculations in three different H-metal systems, namely Pd-H, Ni-H
and Al-H, by means of classical molecular dynamics simulation (CMD). Four different
interatomic potentials are used but no important differences in the general trends are observed.
We compare the hydrogen diffusivity values with available experimental data when possible
and, as a rule, our MD calculations are at least one order of magnitude below the experimental
value. Some explanations are discussed in the frame of diffusion theories in liquids.

Interest in understanding the physics of hydrogen in metals and alloys has been continuously
increasing for many reasons. On one side there are the practical uses of metal-hydrogen systems
such as: storage of hydrogen for clean energy purposes, catalyzers, or absorption of nuclear
radiation.
On the other, there are unwanted effects on the materials properties caused by small amounts of
H dissolved in metals, such as embrittlement, crack propagation, and corrosion. There is
extensive literature dealing with these issues, ranging from first-principles calculations to
engineering applications (see for example, (Fukai 1985, 1989). It is well known that H induces
embrittlement in metals such as Fe, Al alloys and intermetallic compounds (Hirth 1980,
Albrecht 1979). As explained in Chapter 2, diffusion of hydrogen is also important in plasma
facing materials (PFM).

The diffusional properties of hydrogen interstitials in metals are unique for several reasons.
They are influenced, or even controlled by, quantum and tunneling effects since H is the lightest
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of all elements. The fact that H has the highest possible isotopic mass ratios of all elements
leads further to large - and experimentally well observable - isotope effects in diffusion.
The importance of H diffusion in liquid metals is important for many technological reasons.
Hydrogen has high solubility in most liquid metals, which can usually induce defects in the
solidified metal as porosity, property reduction structure (e.g. hydrogen brittleness), etc. (Fukai
1985, 1989, Jong 2011) Recently, the high solubility of hydrogen is being used positively to
produce an ordered porous new material called GASAR (Karpov 2007), (see figure 6.1).

Fig. 6.1. Taken from Ref. (Karpov 2007). Structures of gasars: (a) longitudinal section, (b) transverse

section (× 5), (c) image in the scanning electron microscope (× 20).

And, as we know (see Chapter 2), also liquid metals are envisaged as good candidates for
breeder modules in future nuclear reactors (T production), being Li17Pb one of the most
promising candidates because of its low chemical activity and good breeding ratio (Edao 2011).

In a recent paper the diffusion mechanism of H in Li-Pb is proposed (Masuyama 2009). The
authors claim that hydrogen in liquid lithium–lead seems to be stabilized near Li atoms by the
binding interaction of Li–H. After breaking the interaction at a certain moment, hydrogen
moves into the cloud of Pb atoms and migrates for a short time; subsequently, it binds to
another or the same Li atom. However, ab initio simulation presents several difficulties to
understand a dynamics process as H diffusivity. Simulation time has to be long and size effects
in the small cells generally used in ab initio simulations could be important. Hydrogen
diffusivity is not reported (Masuyama 2009). Also important, according to (Jiang 2011) the
electronic structure of liquid metal dominates the H solubility; the larger the effective charge
density of the metal, the higher the hydrogen solubility.
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6.1 Computational details

In this chapter we will make use of three different interatomic potentials for H-metal system.
First we will use the EAM/alloy potential for Pd-H developed by Zhou and co-workers (Zhou
208) and the EAM/alloy potential for Al-Ni-H developed by (Angelo 1995). Secondly we will
calculate hydrogen diffusion in liquid aluminium using the more advanced angular dependent
potential proposed by Apostol and Mishin (Apostol 2010). Our goal is not to judge that any
particular potential is "the best" because the best interatomic potential may depend on the
problem being considered. Details about EAM formalism can be found elsewhere (Baskes 1988,
1992, Foiles 1989) and also in Chapters 3 and 4.

Molecular dynamics computer simulation method, based on n-body interatomic potentials, has
become an established tool in materials science to evaluate many properties. Most of the EAM
potentials were originally proposed for solid-state calculations, however these potentials have
been shown to predict the thermodynamic properties of liquids Au and Ag fairly accurately
(Bogicevic 1997) and in our recent work also of Li and Pb (Fraile 2013).
Details of the molecular dynamics technique can be found elsewhere (Frenkel 1996). First, we
melted an fcc (both Pd, Ni and Al are fcc in normal conditions) structure to obtain an initial
configuration (i.e., the positions and velocities of the particles) at the chosen pressure P and
temperature T, and performed a canonical MD simulation using the Nosé-Hoover constanttemperature technique (Martyna 1992). See Chapter 3 and references therein for details about
thermostats etc.
The constant-pressure MD simulations tend to overestimate the values of self-diffusion
constants due to large density fluctuation (Hakkinen 1989). However we did not find important
differences in NPT and NVE runs when the simple is big enough and simulation times are large.
(Fluctuations in density are in all cases less than 1% of the average value).

In simulating hydrogen in transition metals like nickel, palladium and/or aluminum, one is faced
with two questions: (i) can one find adequate potentials? (ii) are quantum effects important?.
Most of MD simulations available in the literature deal with H embrittlement, (swelling,
blistering, flaking etc) in metals (Jong 2011). Very little simulation work has been done on
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hydrogen in liquid metals... The same holds for experimental results. Most work has been done
in solid metals (Cao 1997) while little work is published on liquid metals.
The question of quantum effects is trickier, because there is at present no simple and reliable
way of estimating quantum corrections to dynamical quantities such as the diffusion in liquids.
However, since the vibrational frequency of hydrogen in palladium is about 16 THz (Drexel
1976) (13.5 according to (Dhawan 1981)) and around 18 for nickel and 23 for aluminum, (see
Table III in (Dhawan 1981)), which corresponds to a temperature of about 750 K, and since we
shall be mainly interested in temperatures above melting point (> 1800 K for Pd and > 900 K
for Al), we expect that quantum effects will be of minor, though probably not negligible,
importance. On expects quantum effects to be dominant when the temperature T is low
compared with these values (Wimmer 2008). For example, quantum corrections for the
diffusion of H in solid Al between 650 and 850 K by using Wigner and Eckart tunneling
methods have been studied in a recent paper [EPAPS web]. It is estimated that the omission of
tunneling effects introduces insignificant (less than 2 %) errors to the computed lattice
diffusivity of H in the considered range of T. Therefore, should we believe that quantum effect
will be negligible in the liquid phase?

θD (K)

ħωH (eV)

ħωH/KB (K)

Ea (eV)

Ea+ES (exp) (eV)

Al

428

0.097

1125.6

0.073

0.26

Ni

450

0.075

870.3

0.112

0.409

Pd

275

0.056

649.8

0.05

0.52

Table 6.I. Some parameters used in this study. Debye temperature, vibrational frequencies of H-M

system and activation energies taken from (Dhawan 1981).

We will test three different potentials in order to gain some insight about the differences in H
behavior depending on the model. First we have computed the Hydrogen diffusivity in liquid
palladium using the EAM potential developed by (Zhou 2008). In second place we repeat the
same calculation for hydrogen dissolved in nickel and aluminum using the potential described in
(Angello 1995). And finally we repeat H-Al calculations making use of the most advanced
EAM/ADP potential (Apostol 2010). In Appendix A-B-C we report some previous benchmarks
in order to asset the availability of these potentials to simulate the liquid melts.
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It is known since 1866 that Pd can absorb large amounts of H (Graham 1866). In fact the ability
of absorbing hydrogen is common in all metals although metals differ on how much hydrogen
can be absorbed in a given situation. The hydrogen diffusion coefficient in solid metallic
amorphous alloys is dependent on concentration, because of the presence of structural sites
possessing different levels of potential energy for H localization and diffusion (Birnbaum 1972).
In liquids we will have not these structural sites so diffusion is expected to be less concentration
dependent (always concentrations of H are small).

6.2 Results

In figure 6.2 we show the calculated values of Pd self diffusivity and H diffusivity between Tm
(1850 K) and 2750 K. The blue line represents the expected H diffusivity estimated by simple
kinetic considerations.

1/ 2

DA  mB 


DB  mA 

(6.1)

Is to say, the diffusion of H would be just as DH= DM√mM where mM stands for the mass of the
host metal.
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Fig. 6.2. Diffusivity values for H in Pd compared with host metal self-diffusivity (black squares). H

diffusivity (red triangles) is close to the calculated (blue) following Eq. 6.1.

Figure 6.3 shows the calculated values of Ni self diffusivity and H diffusivity between Tm (1728
K) and 2750 K. Here H data are somewhere larger than the predicted by our simple model.
However experimental data (reported in (Sacris 1970)) shows that our MD results are well
below the measured ones.
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Fig. 6.3. Diffusivity values for H in Ni compared with host metal self-diffusivity (black squares). H

diffusivity (black triangles) is close to the calculated (blue = Eq 6.1). Green triangles represent the
experimental data (Sacris 1970).
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Figure 6.4 shows the calculated values of Al self diffusivity and H diffusivity between Tm (980
K) and 2000 K. Here H data (with two different potentials) lay almost exactly around the
predicted by our simple model. However, again experimental values (Eichenauer 1974) are
much higher (on order of magnitude!).
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Fig. 6.4. Diffusivity values for H in Al compared with host metal self-diffusivity (black squares). H

diffusivity (red circles) is very close to the calculated (blue). Green line represents the experimental data
(Eichenauer 1974).

Isotope effects, simulated by changing just the mass of the particle gives approximately the
expected relation DH(T)= DD(T)/√2 = DT(T)/√3. This simple result will lead our further analysis
of H diffusivity in the melt.

6.4. Discussion

In a liquid metal, hydrogen (or any other light species) diffusivity will be governed by the
collision frequency of the atoms forming the host metal. Therefore it is tempting to think that, in
average, the final H diffusivity will depend little on the details of the H-Metal interaction, or if
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concentration is low (as in our simulations), the H-H interactions. The simplest model to
estimate the hydrogen D would be DH=DM*√mM, i.e, like in Eq. (6.1) considering H like an
“isotope” of the studied metal. In next figure (fig. 12) we show how this idea, even if it is
simple, is fairly accurate.
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Fig. 6.5. log-log plot of hydrogen diffusivity values divided by the host metal self diffusivity vs the mass

ratio mM/mH. The slope value is ~0.9, and not ~0.1 as reported in (Bearman 1981).

To our best knowledge only hydrogen diffusion data is available for Al. Experimentally,
hydrogen diffusion coefficient, (in m2/s) is DH-Al=3.8x10-6exp(-2315/T) (Eichenauer 1974). i.e.
one order of magnitude higher than our MD results.

We have found H diffusion values in liquid metals only for nickel, silver and copper (Sacris
1970). If we compare these values with the predicted taking into account the metal self
diffusivity (experimentally determined or calculated by MD simulations) we can see that H
diffusivity is around one order of magnitude higher than the predicted by this simple model.

It is a widely accepted viewpoint that the solved H in solid metals dissolves at the interstitial
sites of the metallic crystal structure, and the solubility is determined by the radius ratio of the
hydrogen atom to the metallic atom. The smaller the atom radius ratio, the higher the hydrogen
solubility (Wagner 1971). However, according to the experimental results, the solubility of
hydrogen in some liquid metals is low as in the zinc melt (Manchester 2000), although the
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radius of H atom is much smaller than that of any metallic atom (Lange 1985). Hence, the atom
radius effect might not be the determining factor in determining the H solubility in liquid
metals. Aside from the atom radius effect, the electron interaction between hydrogen and metals
is another important factor that should also be considered in the H solubility problem.
In a neat atomic fluid where the particle mass m1 is changed to m2 the pure mass effect on the
self-diffusion coefficient D can be represented formally by the inverse square root law
D(m2)=D(m1)(m2*)-0.5 with the mass ratio m*2= m2/m1 (Hirschfelder 1964, Tyrrell 1984). A
more realistic expression could be something like the developed by Thomaes and Itterbeek
relating the mutual diffusivities in two binary systems with a common solvent (Thomaes 1959).
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(6.2)

Where εAB and εAA are effective interaction parameters of hydrogen and host metal respectively.
And the distance parameter rAB is taken as the arithmetic average of the pure component values:
rAB= ½(rAA + rBB). The ratio of the apparent hard sphere radius for hydrogen to that for a metal
atom in liquid metals can be assumed to be equal to the ratio of screening lengths.
Isenberg (Isenberg 1950) and others (Oriani 1967) have shown that hydrogen is believed to
dissolve in metals (both in normal and transition metals) as a proton and an electron by giving
up its electron to the collective electron gas of the metal. The positive charge of a proton, as for
a metal ion, is subsequently screened by a local excess electron density. As proposed by Ziman,
s the screened metal ion and screened proton may be considered to be pseudoatoms if the radii
are properly chosen.
The characteristic screening length for a metal ion (λM) is, in one simple form, given by the well
known Thomas-Fermi approximation, (March 1968) i.e.,

 M
1
M  a10 / 2 
2
 3nM N 0 d M

1/ 6





(6.3)

where a0 is the Bohr radius, M, d, and nM are the atomic weight, density, and the number of
valence electrons per atom, respectively, of the metal in question. Following Mott's theory
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(Mott 1958) the screening length for a proton may be given by the same equation except that the
difference between n of hydrogen (nH=1) and the metal is substituted for nM.
Normal and transition metal melts can be regarded as hard sphere fluids, and that a hard sphere
corresponds to a screened neutral pseudoatom, the radius of which may be determined by a
small multiple of the screening length. In order to evaluate, for Eq. 6.2, the ratio of the apparent
hard sphere radius for hydrogen to that for a metal atom in liquid metals, it is assumed that this
ratio is equal to the ratio of screening lengths. It is further assumed that the latter ratio is equal
to the ratio of the minus one-sixth power of the effective number of s electrons per metal atom
in the liquid (nM) to the difference between nM and the number of s electrons of hydrogen,
namely one. Thus, the value of r/aM in Eq. 6.2 is given by

 n
aH 2r


 1  H   M
aM aM
M  1  nM

1/ 6





(6.4)

For nM ≠1. For nM =1 aH is taken to be equal to aM.

Z

M

rHS (A)

rM/rH (model)

rM/rH (Jiang)

rM/rH (Emi)

εAB/εAA

Pd

46

106.42

2.77

1.9

1

1

1 ± 0.2

Al

13

26.98

2.90

1.8

?

1

1 ± 0.2

Ni

28

58.7

2.53

Table 6.II. Some parameters used in this study. εAB/εAA is the hydrogen to metal atomic ratio of various

typical hydride-forming metals. rHS values from (Protopapas 1973)

To check the assumption we have modified “ad hoc” our Pd-H potential to calculate the change
of diffusion this way. We multiply the Pd-H pair potential by an arbitrary constant, k, making
deeper or swallower the potential. The effect can be better seen in figure 6.6. This way we can
see how we can increase in a factor 2 the order of diffusivity f H in Pd just making the
interaction less attractive. But the trend saturate around this value so seems not possible to
achieve further improvement by this simple “one-constant”-method. It would be possible to
change the shape of the H-Metal interaction making much more repulsive the pair potential, but
it goes without saying that this would change other properties correctly described by the original
potential.
190

1/2

(mPd/mH) = 10.3

DPd/DH

10
6

k = 0.05
k = 0.5
k=1
k=5

4

V(r)

2

0

-2

r (A)

1

-4

0

2

4

0,1

1

10

k

Fig. 6.6. Diffusivity values for H in Pd at T = 2250 K vs “screening” constant, k. Inset shows the pair

potentials Pd-H (being k = 1 the original (Zhou 2008)).

According to some models (Jiang 2011) and (Emi 1970), as reflected in Table 6.II, some of the
ratios rM/rH and εAB/εAA in Eq. 6.2 are not far from unity so one could expect experimental
results closer to the MD calculated ones that, as we have seen, are close to our simple model
theory. Hence there is not simple explanation for the disagreement between MD and
experiments.

6.5 Conclusions

H diffusion in liquid metals seems to be not as simple as a classical molecular dynamics study
suggest. In an oversimplified point of view the mail results point to some simple kinetic
behavior of H diffusion, i.e. H diffusivity values are given by the host metal self diffusivity
multiplied by some mass ratio factor.
Some questions arise. Can be quantum effects important in liquid metals? Can be quantum
diffusion important at temperatures high above the Debye temperature of the host metal? H
move like an isolated atom or is more likely some ionization-recombination behavior?
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The diffusional properties of hydrogen in metals is likely to be influenced, or even controlled,
by quantum and tunneling effects since hydrogen is the lightest of all elements. But the quantum
effects seem to be really important at low temperatures, as shown in figure 6.7.

Fig. 6.7. Quantum effects dominate when Ξ is much larger than 1, but are important over the entire

temperature range (Jardine 2010).

A fundamental limitation of classical molecular dynamics, of course, is that atoms actually obey
quantum mechanical as opposed to classical equations of motion. Zero-point motion, quantum
interferences, quantized energy levels, and tunneling are absent in classical MD. Unfortunately,
a fully QM version of molecular dynamics for systems of many degrees of freedom is not likely
to be practical in the near future, so classical mechanical molecular dynamics will continue to be
the workhorse for many years to come.
This work continues in several ways. Some ab initio calculations of H-Al system are in progress
but will be not presented in this Thesis. The main results were presented in the recent TNT 2012
(Trends on Nanotechnology International Congress) in Madrid, in an oral presentation.

Appendix A: Structure of liquid metals

Here we report some previous benchmarks in order to asset the availability of this potential to
simulate the liquid M+H system.
First test any potential should pass to be considered reliable to simulate a liquid metal is to
correctly describe the structure by mean of the pair distribution function (and/or its Fourier
transform, the total structure factor). The average local structure around Pd atoms in liquid Pd at
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1850 K, is represented by the pair distribution function, g(r), and is compared, in Fig. 4 with our
MD result. The liquid phase g(r) (red circles) is in agreement with the diffraction measurements
of liquid Pd performed by Waseda and Ohtani (Waseda 1975) (black line).
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Fig. A1. Calculated pair distribution function of liquid Palladium (T = 1850 K) compared to the

experimental data from (Waseda 1975).

We calculated the structural parameters through a series of isobaric-isothermal simulations at
1725 K and 2025 K. Figure A.2 shows our MD results compared to the available experimental
data g(r) curves.
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Fig. A2. Calculated pair distribution function of liquid Nickel at 1750 K and 2025 K compared to the

experimental data from (Waseda 1975).
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Examination of Fig.A3 shows that as the temperature increases, the peaks and valleys of the
structure factor broaden, the peaks losing intensity and the valleys becoming shallower. This
phenomenon is due to the increase in random thermal motion of the ions with temperature.
Following Waseda (Waseda 1975), liquid aluminum belongs to the simplest case of liquid
metal; i.e. It presents a Hard-sphere-like structures with symmetric first peaks of both the static
structure factor S(q) and pair correlation function g(r). In Figure A3 we can see that the ADP
potential shows a better agreement with experimental curves at low temperature, but at high
temperature (1300 K) the agreement seems to be better using the simple EAM potential.
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Fig. A3. Calculated pair distribution function of liquid aluminum (1000 K and 1300 K as labelled)

compared to the experimental data from (Waseda 1975).

Structural properties of liquid Al has been checked twice by doing the calculation of S(Q) in a
similar way as explained in Chapter 4. As can be seen in next figure the ADP potential gives
much better results if we compare with Waseda data. S1(Q) stands for the y-value of S(Q) at the
first peak.
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Fig A4: S1(Q) values calculated using MD simulation with two different potentials (EAM and ADP)

compared with experimental results (Waseda 1975).

Also we can compare Al heat capacity from our MD simulations with experimental data from
(Forsblom 2005). Simple EAM potential give results very similar to the calculated by Ercolessi
et al (using a different EAM potential). The HC calculated with ADP potential is in a very good
agreement with experimental results.
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Fig A5: Heat capacity, Cp, values calculated using MD simulation with two different potentials (EAM

and ADP) compared with experiment and other MD results from (Forsblom 2005).
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Appendix B: Liquid metal diffusivities

We report here on the host metal self-diffusivities and compare, when possible, with
experimental values. As far as we are concerned there are no available data on liquid palladium
self diffusivity so we can only check our simulation by comparison of the MD results reported
in (Ahmed, 2004). Red line represents the exponential fit. Fitting results are: D0= 4.7 x10-8
±1.1x10-8 m/s and Q = 240 ± 46 meV.
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Fig. B1. Self diffusion of pure Pd compared to MD results (black squares). Blue triangle and red squares

correspond to the MD results from (Ahmed 2004, Mei 1990).

Arrhenius diffusion parameters for each potential. The units of Q are meV and of D0 are 10-5
cm2/s. Our MD results are (T from 1750 to 2750 K) D0 = 84.5 x10-5 cm2/s (±11) and Q = 419
(±27) that agree well with the values reported in (Demmel 2011) using the same potential (D0 =
56.0 cm2/s and Q = 364 meV for T from 1750 to 2000 K). If we do the fit in the same range of
temperatures then our results are D0 = 62 x10-5 cm2/s and Q = 380 meV.
For liquid aluminum we can test our MD results with the recent neutron diffraction work of
Demmel and co-workers (Demmel 2011). Both potentials give good results (see fig. B2) and
interestingly the temperature dependence predicted by the ADP potential is almost identical to
the reported experimentally.
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The mentioned fits to an Arrhenius behavior are given as an example. However an Arrhenius
temperature behavior of the diffusion coefficient is more an exception than a rule (Faber 1972,
Nachtrieb 1976). Still, this form of representation is quite common and seems to be ‘‘the
accepted law in most of the literature’’. The use of the Arrhenius formula in liquid metals
should have been abandoned long ago (Bogicevic 1997).
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Fig. B2. Self diffusion of pure Al. Experimental data (black line) from recent neutron diffraction

experiments (Demmel 2011). MD simulations (red and green symbols).

Self diffusion of pure metals can also be fitted to an Arrhenius-type temperature dependence.
Demmel reported an activation energy Ea = 274 ±4 meV and the prefactor is D0 = 179 ± 11 ×
10−5 cm2/s. Our MD results yield D0 = 120.84 ± 11 x10-5 cm2/s and Ea = 310 ± 13 meV. As well
as in (Becker 2010) previous MD simulations the overall diffusion coefficients are smaller than
the experimental values (which might be related to different temperatures between simulation
and experiment). The activation energy agrees well with the simulation.
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Appendix C: Short Range Order

Previous computer experiments on Lennard Jones (L-J) liquids were done with much larger
mass differences and different mass dependencies were deduced, e.g., D(m1)/D(m2) = (m2/m1)-μ,
where μ < 0.1 (Bearman 1981). However in those experiments concentrations of lighter element
are high, and sometimes equimolar. Here we can not always run such a simulations without
observe segregation, (sometimes artificial?). When we simulate a Hydrogen-rich Pd-H or Ni-H
mixture the system is almost a random solution for any given concentration. (See figure C1).
Contrary, if we run a rich hydrogen simulation of liquid aluminium (5 to 20% of H for example)
we can observe a strong homo-coordination tendency. This happens with both Al-H potentials.
A common way to quantify segregations tendencies is using the short range order (SRO)
parameter (See Chapter 5 for definition). SRO values tend to 1 as we increase H concentration.
This can be seen clearly in figures C1 and C2.
In a recent work (Harvey 2010) several Metal-H systems are analyzed from a thermodynamic
point of view. Their model takes into account the effect of SRO on the configuration
contribution to the mixing entropy of the solution as a function of the change in the Gibbs
energy of the quasi-chemical first nearest neighbor pair reaction:

H  H  pair  ( Al  Al) pair  2( Al  H ) pair g AlH

(6.6)

where ΔgAlH is the nonconfigurational Gibbs-energy change for the formation of two moles of
Al-H pairs. A negative value of ΔgAlH for reaction (Harvey 2010) indicates that the equilibrium
is shifted to the right, resulting in negative SRO (hetero-coordination). However, a positive
value of ΔgAlH implies that H-H and Al-Al pairs are favored (SRO > 0, i.e. homocoordination).
Both cases represent SRO phenomena and may affect the atomic configuration of the liquid. In
their work they gave a negative value for Al-H system (ΔgAlH= -6516.58 -0,544T, in J/mole) so
SRO should be negative.
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Fig. C1. SRO values dependence with H concentration (in atom %) for Pd-H and Al-H systems. Pd-H

and Ni-H systems are almost a random solution independently of H concentration while Al-H system
rapidly shows segregation.

In Table 6.5 we show some parameters of interest in H-Metal systems. As can be seen ΔHs is
positive for all metals studied here so SRO should be negative. As can be seen the effective
charge is quite different in the studied metals.

Z

mass

Density (m. p.)

ε

ΔHs

ΔS

Qeff

H

1

1.008

0.07

2.20

-

-

0.712

Al

13

26.98

2.375

1.61

+0.70

-6

1.792

Ni

28

58.69

7.81

1.91

+0.17

-6

2.43

Pd

46

106.42

10.38

2.20

+0.10

-7

3.21

Table 6.III. Some parameters used in this study. Density at melting point units are gr/cm3, ε is the

electronegativity (Pauling scale). ΔHs is the enthalpy of solution of hydrogen in the metal in the low
concentration limit (Fukai 1993).
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Next figure illustrates positive SRO in liquid H-Al system when H concentration is high (> 15
%). As can be seen, hydrogen (yellow atoms in fig C2), forms bubbles inside liquid Al in our
simulations. Fig. C2 was obtained after simulation using EAM/alloy potential (Angelo 1995)
but similar result was obtained with the ADP potential.

Fig. C2. SRO evidence in Al-H system (using EAM/alloy (Angelo 1995)). Yellow balls represent H

atoms while blue ones represent Al ones. Here the H concentration is high (20%) for clarity shake.

This positive SRO is not expected but could be used to simulate high porosity materials as
shown in figure 6.1. We could run an Al+H simulation and after reaching this stage we can
delete H atoms and quench (i.e. cool down quickly) the system to have polycrystalline Al with
high porosity.

Appendix D: Literature Review

Next figure show a summary of results from different authors. As can be seen H diffusivity in
metals is high above the simple theoretical calculation proposed by Eq. 6.1. This literature
review supports our intuition and basic conclusion. In short, classical MD seems to
underestimate the H diffusivity in liquid metals.
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Fig. D1. Hydrogen diffusivity in liquid metals. Experimental data taken from (Sacris 1970). Self

diffusivity of pure metals taken from MD results in reference (Ahmed 2004). Experimental data for liquid
Cu and Ni taken from (Meyer 2008).

If we represent DH/DM at a certain temperature well above melting point (see Figure D2) for
divided by the ratio of masses we can see clearly that, in general there is an order of magnitude
between our simulations (black squares) and experimental values (red circles).
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Fig. D2. Ratio of H diffusivity in liquid metals divided by the host metal self-diffusivity. Black squares

stand for our MD results, red circles are experimental data taken from the abovementioned references.
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Chapter 7

Ab initio calculations of Helium inside Lithium and Lead

The properties and behavior of light atoms in dense metals are important in several
applications, ranging from H storage to H and He embrittlement of materials. Therefore helium
inside metals has been widely studied in the past for nuclear reasons (Stoller 1988, Victoria
2000, Caro 2007).
In tokamaks with high-temperature plasmas the first wall is subject to a flux of light ions (=10191022 ions cm-2s-1) with energy spectrum ranging from 1 to 100 eV (Ullmaier 1983). Evaluation
of the mechanical effects induced by the presence of those species in the metal structure is one
of the main tasks in the development of fusion reactor materials. Several mechanisms are
responsible for the presence of light ions and atoms in structural material, among them the
implantation of particles in a direct interaction of plasma with exposed surfaces and their
production in the bulk region through neutron induced reactions.

Fig. 7.1. Multi-scale model from nuclear reaction to property change due to irradiation (Kawai 2011).
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The case of He is of major significance: the observed growth of He bubbles and their
segregation into lattice defects, such as grain boundaries and dislocations, lead ultimately to
severe embrittlement (Ullmaier 1986-92), blistering and swelling (Erents1973, Singh 1992),
with consequent loss of mechanical properties of the irradiated materials.

Helium in liquid mercury is another important issue in the development of pulsed high-power
spallation neutron sources, in which liquid mercury is bombarded by a high intensity proton
beam to produce high neutron fluxes.

Fig. 7.1b. He bubbles in liquid mercury observed through a glass window placed on the surface of the

mercury. The height of this image corresponds to 1.62 mm (taken from (Ida 2007).

7.1 Introduction

The idea to study He inside Li and Pb does not respond to the necessity of studying He diffusion
or mobility in Li, Pb or LiPb alloys after irradiation. To clarify the mechanism of the He bubble
nucleation process in liquid metals from a molecular point of view, MD simulations are suitable
tools. Hence, the main goal of this ab initio calculations is to create a forces database to be fitted
with a He-Pb and/or He-Li interatomic potential using the so called force matching method
(FMM) proposed by Ercolessi and Adams (Ercolessi 1994).
As we have seen in previous Chapters, analytic EAM potentials are typically fit to experimental
data for a small number of properties, cohesive energy bulk modulus etc. When constructing an
empirical potential, it is beneficial to include first-principles force data in addition to
experimental data because it provides for a more accurate and transferable potential. The forcematching method proposed in (Ercolessi 1994) offers an alternative way to construct potentials.
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Generating accurate potentials using the force-matching method is an optimization problem in a
high-dimensional space. The EAM functions are parameterized by cubic splines, and the
program POTFIT (Brommer 2006-07) optimizes the spline knots using a combination of
simulated annealing and conjugate-gradientlike algorithms. Once the He-Pb and He-Li
potentials are created we will construct a ternary potential with the LiPb potential proposed in
Chapter 5, hence to study He nucleation and cavitation inside liquid Li17Pb would be possible.

The nucleation rate can be directly estimated by the MD simulation, and the formation free
energy and critical nucleus can be estimated by the MD and MC simulations. MD study of the
gas bubble and cavity formation in simple bulk liquids is a well studied area of statistical
mechanics (Blander 1975, Oxtoby 1992). Classical nucleation theory (CNT) has been reviewed
in (Blander 1975).

The MD method has been used to calculate the homogeneous cavitation rate pressure
dependence in liquid lead under negative pressure near the liquid spinodal (Insevpov 2007). The
considered cavities contain only metal atoms, i.e. without any light ions or atoms of He or any
other element. Such simplification of the model is based on the calculation results that the total
energies, pressure tensors, and surface tensions of the cavities do not drastically change if
helium atoms were placed inside the cavity, due to a weak interaction of helium with lithium. In
any case they conclude that their results are not in agreement with the simple classic nucleation
theory approach. Also they claim that is not clear if this discrepancy can be attributed to the
shortcomings of the potential or the kinetic model deployed. The method presented gives the
possibility of the direct calculation of the cavitation rate.
Not only would be interesting to study the behavior of He inside Li17Pb. Another important
issue is the interaction of H (or its isotopes) with He bubbles. It is known that impurities such as
H and He interact strongly with dislocations in metals and what is more important; the
synergetic effect of both H and He atoms is now being studied (Li 2012). In the same way,
would be very interesting to develop a ternary potential for Pb-He-H or Li-He-H and study both
He bubbles inside a liquid metal (Pb or Li) and the interaction of H with He bubbles in this
medium. See ref (Donelly 1985) for a review of pressure bubbles inside metals.
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Fig. 7.2. Schematic representation of the importance of He bubbles inside liquid metals in breeder blanket

design. (taken from (Fradera 2011)).

7.1.1 He potential (Morisita He-He potential)

The He potential for our proposed ternary Pb-Li-He potential need not to be developed. Rare
gases in metals produced by nuclear reaction or by ion implantation are essentially insoluble
hence tend to precipitate and to form bubbles. The pressure in these bubbles is about some GPa
and hence the Ziegler-Biersack-Littmark correction (Biersack 1982) for high pressures is
needed as explained in Chapter 3. The Beck potential for He–He interaction was smoothly
connected with the ZBL universal potential that is appropriate at high energy (short interatomic
separations).
The helium-metal interaction is described by a fully repulsive potential, V(r) = Γexp(-γr)/r
where r is the distance between the helium and a lattice atom. For example, in the He-Ni
interaction, the potential parameters determined by Melius et a1 are: Γ = 45.9 eV, and γ = 2.03

A-1 (Melius 1978). Several authors use as a good description of He–Metal interaction a pairwise
potential in the form of Lennard–Jones function (see Chapter 3, Eq. (3.5)). We will discuss
further the suitability of L-J potentials for H-Metal at the end of the Chapter.
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7.2 Computational details

In order to obtain the force and energetic data that are needed to improve the interatomic
potentials developed in the present work, first principles electronic structure simulations based
on Density Functional Theory (DFT) (Hohenberg 1964) were performed.
For that purpose, the Kohn-Sham equations (Kohn 1965) have been self-consistently solved
using a plane-wave basis set with the standard projector augmented wave (PAW)
pseudopotentials (Blöchl 1994), as implemented in the Vienna Ab initio Simulation Package
(VASP) (Kresse 1993; -96; -99). The exchange-correlation functional assumed was the PBE
(Perdew-Burke-Ernzerhof, (Perdew 1996)) parameterization of the GGA (Generalized Gradient
Approximation). We initially performed calculations for pure bcc Li with one s valence electron
and pure fcc Pb with 14 valence electrons, in order to check the reliability of our computational
procedure and concurrently provide a comparison to other calculations and experiment. Careful
convergence checks were performed to find the optimum k-point meshes and planewave cutoff
energies (505 eV for bcc Li and 264 eV for fcc Pb) sufficient for convergence of energy
differences. Brillouin zone sampling followed the Monkhorst-Pack scheme (Monkhorst 1976).
Volume relaxations were subsequently carried out using the standard conjugate-gradient
algorithms present in VASP to find the optimal lattice constants (3.51 Å for Li and 5.02 Å for
Pb), that compare well with the experimental values.

The supercell approach with periodic boundary conditions was used to simulate point defects as
well as the corresponding pure phases of the same size. Forces were computed according to the
Hellmann-Feynman method (Hellmann 1937, Feynman 1939), as implemented in VASP.
Volume and ionic relaxations were performed as above, with accuracy in the forces better than
0.02 eV. The Brillouin Zone (BZ) integrations during the relaxation runs were done using a
Methfessel-Paxton scheme (Methfessel 1989) with a smearing of =0.2 eV, that gives good
results for metals. Once the relaxation was completed, accurate total-energy calculations, better
than 10-6 eV, were carried out without smearing following the tetrahedron method with Blöchl
corrections (Blöchl 1994). Series of these total-energy calculations were also computed for the
non-relaxed supercells.

In a simulation using periodic boundary conditions the strain field created by one defect inside a
supercell will possibly interact with its image strain fields. This is the well known size effect
that can only be minimized, never completely eliminated, using as large supercells as possible.
Due to the limited computational resources available, we had to restrict ourselves to 3x3x3
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supercells in the case of Pb. On the other hand, elemental Li has a much lower atomic number
and less valence electrons than Pb, so we could use up to 5x5x5 supercells for lithium.
Since Pb is a heavy atom, electrons are relativistic and the spin-orbit interaction becomes more
important than the effect of electron repulsion. Thus, non-relaxed Pb supercell calculations were
repeated including spin-orbit coupling (SOC) in a non-collinear magnetic structure setting.
Using the nonmagnetic calculations that we had from the previous step, we set the spin
quantization axis in parallel to the z direction, meaning that the magnetic field is now parallel to
that direction. As spin-orbit coupling couples the spin to the crystal structure, we are able to find
the spin and orbital magnetic moment components separately, along the (0 0 1) direction,
something that is simply not possible without SOC. By comparing the energies for different
orientations the magnetic anisotropy can be determined, but we have not gone that far: our aim
was simply to check if the inclusion of magnetism and spin-orbit coupling affected the
energetics and forces of the system. Since it makes not sense to further relax the structures, we
have only carried out the accurate total-energy calculations as outlined above, albeit the global
energy break condition for the electronic self-consistent loop is an order of magnitude smaller,
10-5 eV. When calculating local magnetic moments, it is important to introduce atomic radii to
find the local projections on the atomic orbitals. The values adopted throughout this work are
the recommended ones, 1.23, 1.47, and 0.93 Å for Li, Pb, and He, respectively, which
correspond approximately to their metallic radii, except for He, a noble gas for which we take
its Pauling ionic radius.

In the present Chapter the relative stabilities of single He defects in Li (bcc) and Pb (fcc) metals
are investigated. The interstitial He formation energies at the tetrahedral and octahedral
positions are calculated. Furthermore, the electronic density of states (DOS) and charge density
difference of He atom and its first neighbor Pb are analyzed to address the effects of magnetism
on the relative stabilities of He defects in bcc Pb. Charge transfer is studied by means of Bader
analysis (Bader 1990) and compared with the raw results obtained with VASP.

7.3 Methodology

A single He defect consists of a substitutional or interstitial He atom. Pb crystallizes in the fcc
structure under normal conditions. Li crystal structure at 0 K is somewhere under discussion
(Orlov 2001) but here will consider it to be bcc. In fact, Li crystallizes at low temperatures in
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the close-packed 9R and fcc phases (Linn 1986), and the bcc phase appears only at temperatures
of about 100 K.
In both bcc and fcc structures all the substitutional sites are equivalent, while there are two
possibly interstitial sites, i.e., tetrahedral and octahedral positions. These interstitial sites are
illustrated in Fig. 7.3: a and b for bcc structures and c and d for fcc structures, respectively.
A substitutional defect has 8 nearest neighbors at 0.866a0 in a bcc structure, while it has 12
nearest neighbors at 0.707a0 in an fcc structure. The tetrahedral interstitial has four nearest
neighbors at 0.559a0 in a bcc structure and four nearest neighbors at 0.433a0 in an fcc structure.
The octahedral interstitial has six nearest neighbors, with two of them located at 0.5a0 and four
of them at 0.707a0 in a bcc structure, while it has six near neighbors at 0.5a0 in an fcc structure.
It is clear that for both bcc and fcc structures the substitutional site has the largest free volume,
followed by the octahedral site, but the tetrahedral site has the smallest one. Since He has a
closed-shell electronic structure and bonding interaction is small, He is expect to occupy defect
sites in the order of largest free volume, namely, substitutional sub, octahedral octa, and
tetrahedral tetra in both bcc and fcc structures.

Fig. 7.3. High symmetry interstitial sites in a bcc structure, (a) tetrahedral and (b) octahedral, and in an

fcc structure, (c) tetrahedral and (d) octahedral.

The relaxation energy of a crystal is determined as a difference between the total energy of a
crystal before and after relaxation. The relaxation volume is determined similarly. In order to be
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comparable, the formation energies of He interstitial and substitutional defects are defined for
the same initial atomic configuration that is a perfect bcc crystal with an isolated He atom. The
formation energy of He interstitial is

Eintf  E Nm,He  NEm  EHe

(7.1)

where N is the number of metal atoms in the initial and final supercells, Em is the energy per
atom of the perfect bcc lattice, and EHe is the energy of an isolated He atom. Creating a He
substitutional defect causes also a creation of a vacancy. The formation energy in this case is

f
f
Esub
 E( N 1) m ,He  ( N  1) Em  E He  Evac

(7.2)

where Evacf is the formation energy of a vacancy. The binding energy of a He atom to a vacancy
is defined straightforward as the energy difference between interstitial and substitutional
positions,

f
Ebind  Eintf  Esub

(7.3)

Here EHe is the energy of the He atom alone. The value we have used is EHe= 0.01432 eV
(Gonzalez 2012) calculated by first principles using PAW pseudopotentials and GGA
approximation for exchange and correlation functional. Evacf is the formation energy of a
vacancy. The values used for the pure elements are 0.58 eV for Pb (Lee 2003) and 0.77 eV for
Li (Yuan 2003).
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7.4 Results
7.4.1 Formation Energies

The cohesive energy of the pure elements from our ab initio calculations are -1.89557 eV for Li,
and -3.6558 eV for Pb without SOC and -4.205 eV for Pb taking into account SOC. The results
obtained with these values in mind and using equations 7.1 - 7.3 are collected in Table 7.I.

Pb+He (eV/at)

Li+He (eV/at)

Unrelax

Unrelaxed

Relaxed

NSOC

SOC

NSOC

Unrelaxed

Relaxed

Oct

-0,02212

-0,66172

-0,72682

1,28828

0,34018

Sub

-2,96792

-2,56662

-1,95392

0,42461

-0,37539

Tetra

1,32788

0,68958

-0,62252

1,28818

0,33228

Table 7.I. Summary of formation energies of high symmetry He interstitials in Pb and Li.

Fig. 7.4. He defects inside pure lithium (bcc) for two different scenarios, unrelaxed (black squares) and

relaxed (red circles).
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After atomic relaxation the formation energy decreases significantly due to the change in the
charge densities but the order of site preference for the He interstitials does not changed. It is
assumed that the relative stability of a He defect in a bcc structure is associated with the
available free volumes of the defect sites, generally following the order of substitutional,
octahedral, and tetrahedral positions (Zu 2007), however we do not see any difference between
the octahedral and tetrahedral interstitials.

The substitutional position is also the most stable site for all the fcc metals considered according
to several studies (Zu 2009). Furthermore, the octahedral He interstitial is energetically more
favorable than the tetrahedral interstitial in fcc Pb as observed in Ag and Pd. Interestingly the
formation energies of He interstitials at the tetrahedral and octahedral positions are almost the
same once SOC is taken into account while the substitutional position remains the most
favorable one.

Fig. 7.5. He defects inside pure lead (fcc) for the three different studied scenarios; unrelaxed (black

squares), relaxed (red circles) and (unrelaxed) taking into account SOC (green triangles).

Pb is not magnetic enough to induce a magnetic moment in the He atom. In fact only in the
tetrahedral position of He, Pb shows a small magnetic moment, -0.020 and -0.026 μB for the x
and y projections (μx and μy) and smaller, only -0.008 μB, for μz.
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Magnetic Moment (μB) Unrelaxed

Pb+He

Pb (μx, μy, μz)

He

Oct

0.0

0.0

0.0

0.0

Sub

0.0

0.0

0.0

0.0

Tetra

-0.020

-0.026

-0.008

0.0

Table 7.II. Magnetic moment components, μi, for Pb and He atoms. Pb values are the average of the first

nearest neighbors.

To understand better the effect of SOC in the calculations we can compare the results of He
inside Ni (see (Zu 2009) Table V) and Fe ((Seletskaia 2005), Table II). He total magnetic
moment is equal zero in both Ni and Fe (as well as in Pb) for the substitutional case, and
different values spanning from 0.01 to 0.02 μB in the other cases. In both Ni and Fe this value
increases after relaxation.
In table 7.III we collect the calculated volumes for the studied interstitials and also the volumes
of pure Pb and Li for comparison shake. Note that the difference in both Pb and Li volumes per
atom change in the unrelaxed case is just due to the adition of an atom to the equation, is to say,
we are now dividing the total volume between 108 and 109 atoms, and 250 and 251 atoms for
Li. As can be seen the relaxation process cell expand the Pb cell (ΔV > 0) in all the He
configurations, being the expansion smaller for the substitutional case. For Li the situation is
quite different and now, relaxation contracts (ΔV < 0) the cell, more notably in the
substitutional configuration.

Pb

Li

Unrelaxed

Relaxed

SOC

ΔV (%)

Unrelaxed

Relaxed

ΔV (%)

Octa

31.43

31.85

31.41

1.3363

21.54

20.32

-5,6638

Sub

31.70

31.96

31.70

0.8202

21.62

20.38

-5,7354

Tetra

31.41

31.95

31.41

1.7192

21.54

20.33

-5,6174

Pure

31.70

21.62

Table 7.III. Volume per atom (in Å3) for pure Pb, Li, and He interstitials, before and after relaxation, and

taking into account SOC.
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When an impurity is implanted to a crystal, it changes the crystal volume. This change is
determined as the difference between the volume of the crystal containing an impurity and the
pure-crystal volume and is called the excess volume. Table 7.III lists the excess volumes which
helium atoms contribute to the Pb and Li lattices.

The coordination polyhedrons in the fcc (also in hcp) structures are regular polygons; in this
case, the tetrahedrons are half in volume as the octahedrons. It follows that, when the impurity
atom is placed in the tetragonal interstitial site, the Pb unit cell increases (the shape being
unchanged) to a greater degree than in the case of the octahedral coordination.

The volumes of the octahedral interstitial sites in the bcc lattice are twice as large as those of the
tetrahedral ones. However, the coordination polyhedrons in the bcc structure are not regular: the
tetrahedron edges differ in length (one edge is a and five edges are a√3/2) and the octahedrons
are strongly flattened in a direction, although their edges have the same length.

These specific features of the coordination polyhedrons of the bcc lattice lead to the fact that
larger non-metallic atoms can implant to the tetrahedral interstitial sites than atoms implanted to
the octahedrons. In our case, this circumstance is manifested in the fact that the helium atom
located in the octahedral interstitial site increases the Pb unit cell volume to a greater degree
than the helium atom located in the tetrahedral interstitial site.

7.4.2 Charge transfer

In this section we described the charge transfer observed between Metal and He atoms. Pure
elements, Li and Pb, unrelaxed total charge values are 0.253 and 8.605 respectively (in atomic
units). Total charge of He unrelaxed corresponds to the He interstitial average. Note that the
calculated value agrees with the value given in ref (Seletskaia 2005). However the value of
effective charge for Pb is roughly half the value obtained in our calculations.

Lithium: The results without relaxation show almost the same charge for Li and He in both
octahedral subs and tetrahedral positions. If we examine the relaxed values we note that there is
not charge transfer in the substitutional case. For the Oct. and Tetra positions the Li charge
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diminish in 0.15 (atomic units) and that of He augments in 0.2 a.u. These results are graphically
presented in Fig. 7.6.

Total Charge (C)

2,0

1,8
Li (unrelaxed)
He (unrelaxed)
Li (relaxed)
He (relaxed)

1,6

0,2

0,0
OCT

SUB

TETRA

Position

Fig. 7.6. Helium atom and Li total charge relaxed and unrelaxed as labelled. Note the break in the y axis.

Lead: In the three initial Pb-He configurations studied, before relaxation the total charge is not
the same as we found in Li. After relaxation we do not observe charge transfer in the
substitutional case as expected. Somewhere surprising, in the octahedral interstitial the total
charge of surrounding Pb atoms Pb remains constant while that of He atom decreases in 0.5
units. In the tetrahedral interstitial the Pb diminishes 3.2 units and that of He increases in 0.25.

12

Total Charge (C)

10

Pb (unrelaxed)
He
Pb (relaxed)
He
Pb (SOC)
He

8

2,5
2,0
1,5
OCT

SUB

TETRA

Position

Fig. 7.7. Helium atom and Pb total charge relaxed and unrelaxed as labelled. Note the break in the y axis.
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When calculations are carried out with SOC there is no charge transfer. (The simulation is too
expensive so the system is not relaxed). Interestingly the results for octahedral position of He
are different compared to the unrelaxed situation, while not in for the sub and tetra.

7.4.3 Charge character

Lithium: In the Li-He configurations before relaxation Li charge is 45 % p and 55 % s and that
of He is 100 % s. After relaxation, the substitional case seems the more stable again and Li
charge does not change. In both octahedral and tetrahedral interstitials Li charge became more
p-like (50 %) and less s-like (50 %). Is to say, there is a change in the character of the Li atoms
around the He atoms in octahedral and tetrahedral positions (sp), almost absent in the
substitutional case. At the same time the s-character of the charge of He atom decreases in ~2
%.

100
98

Charge %

96

Li s % (unrelaxed)
Li p %
He s %

94
55

50

45
OCT

SUB

TETRA

Position

Fig. 7.8. Helium atom (green triangles) and Li charge character (unrelaxed). Dashed lines are just guides

to the eye. Note the break in the y axis.

Lead: Before relaxation the total charge of Pb atoms is 82 % d, 12 % s and 6 % p for both
substitutional and tetrahedral He but 95 % d, 5 % s and less than 1.0% p in the octahedral
position. After relaxation the character of Pb atoms becomes almost totally d-like (95 %) in the
octahedral and tetrahedral configurations. In the substitutional configuration, after relaxation,
the character of Pb charge and that of the substitutional He atoms remains almost constant,
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pointing again to the fact that the substitutional position is the most favorable. Some decease of
the s character of the He atom is correct according to the results shown in (Trioni 1998).

100

Pb s
Pb p
Pb d
He s
He p
He d

% charge

80

20

0
OCT

SUB

TETRA

Position

Fig. 7.9. Helium atom and Pb charge character unrelaxed. Note the break in the y axis.

100

Pb s
Pb p
Pb d
He s
He p
He d

% cahrge

90

80

10

0
OCT

SUB

TETRA

Position

Fig. 7.10. Helium (open symbols) atom and Pb (closed symbols) charge character (s, p and d, black, red

and green respectively) after relaxation. Note the break in the y axis.

Lead-Helium: He charge is s-type in a 75% for the octahedral position, 100 % for the
substitutional one and about a 97% for the tetrahedral interstitial in the unrelaxed
configurations. After relaxation, in the octahedral and tetrahedral positions is in both cases 86%
s-type and 12% p-type while in the substitutional case does not change. Then the charge transfer
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differs in both tetrahedral and octahedral configurations, decreasing the s character of the first
and increasing the s character of the second.
Figure 7.11 shows one the most important results shown in the work of Zaremba and Kohn; Yaxis represents the electronic density corresponding to the metallic state in a direction
perpendicular to the surface and through the center of the atom in the vicinity of a He atom.
According to (Zaremba 1977), in general, some charge transfer from the host metal atoms to the
interstitial He exist (metal charge density decreases around the He impurity). This is what we
observe both for Li and Pb.

Fig. 7.11. Charge density of the metallic electrons in the vicinity of the helium atom. The dashed curve is

the unperturbed metallic density. (taken from (Zaremba 1977)).

In a more recent paper (Trioni 1998), is possible to find similar results that also point in the
same direction. In their paper, Trioni and co-workers study He (and Ne) in the vicinity of an
Ag-like jellium metal surface by ab initio calculations. Next figure show the variations of the 1s
level of a He atom close to a metallic surface. As we have seen in previous figures we observe a
s-character decrease in the tetrahedral He interstitial but an increase in this character for the
Octahedral He atom.
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Fig. 7.12. (Fig. 3 in Trioni 1998). The variations of the 1s level (line with diamonds) of a He atom, of the

bare metal electrostatic potential Ves (dashed line), and of the bare metal effective potential Veff (solid line)
as functions of the atom jellium edge distance.

7.4.4 Density of States of He (inside metals)

In the following we analyze the electronic structure of the various He defects and hosts in an
attempt to understand what underlies He site-preference order in the different studied metals.
Figure 7.13 shows the total DOS of a He interstitial at tetrahedral, octahedral and substitutional
positions inside bcc-Li. The position of the Fermi level relative to the peaks in the density of
states (DOS) determines the occupation of the states and the nature of bonding (Pentcheva
2002). It can be seen from Fig. 7.13 that the interaction of tetrahedral and octahedral He
interstitials with its neighbor Li atoms gives almost identical DOS of He atoms at the Fermi
level which indicates the similar bonding at the tetrahedral and octahedral sites.

Right part of Fig 7.14 shows the s,p-projected DOS of the Li atoms close to the He interstitials,
as well as Fig 7.13 shows the s,p,d-projected DOSs of the He defects. The changes in both s and
p DOS of the Li atoms near the He octahedral and tetrahedral positions are more significant than
that of the Li atoms near the He substitutional position, which means that the hybridizations
between the Li atom and the octahedral and tetrahedral He atom are stronger than that between
the Li and the substitutional He.
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Fig. 7.13. Total (left) and projected DOS (right) of He inside Li after relaxation. The units are number of

states/unit cell. p and d DOS are shifted upwards +0.2 and 0.5 units for clarity. Octahedral (black line),
substitutional (red) and tetrahedral (green).

Fig. 7.14. Total (left) and projected DOS (right) of Li with different interstitials after relaxation;

octahedral (black line), substitutional (red), tetrahedral (green) and pure Li (blue line).

Similar conclusions can be subtracted from the partial DOS (shown in figure 7.13 and 7.14 left). Again the tetrahedral and octahedral positions present very similar s, p and d DOS.
Figure 7.15 shows the total and partial DOS of a He interstitial at tetrahedral, octahedral and
substitutional positions inside fcc Pb. It can be seen from Fig. 7.15 that the interaction of
octahedral He interstitial with its neighbor Pb atoms leads to a lower DOS of He atoms at the
Fermi level than that of the tetrahedral interstitial, which indicates the stronger bonding at the
octahedral interstitial site.
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Fig. 7.15. Total (left) and partial (right) DOS of He inside Pb after relaxation for three different

configurations; octahedral (black line), substitutional (red) and tetrahedral (green). p and d-DOS are
shifted upwards +0.2 and 0.5 units for clarity.

Figure 7.16 shows the total and partial DOS of a pure Pb (blue lines) compared to the Pb DOS
of surrounding atoms of He interstitials (at tetrahedral, octahedral and substitutional positions).

Fig. 7.16. Total (left) and partial (right) DOS of Pb after relaxation with three different He interstitial;

octahedral (black line), substitutional (red) and tetrahedral (green). Partial p- and d-DOS are shifted
upwards +0.2 and 0.5 units for clarity.

If we compare He DOS and Li DOS (Fig. 7.13 and 7.14 respectively) one immediate fact is that
both DOS are similar in shape. Now if we compare both figures with their respective He inside
Pb and Pb with He interstitials, (Fig 7.15 and 7.16) first thing to note is that again both DOS are
similar, but now, a clear gap in the DOS is present in both He and Pb. The first is another
evidence of hybridization while the second is not well understood.
221

If we now compare Pb DOS with SOC vs Pb without SOC results (unrelaxed in both
simulations) we observe the following: substitutional DOS are similar below the Fermi energy
but well above the Fermi energy the DOS of Pb with SOC broadens. Looking at the tetrahedral
and octahedral interstitials a decrease in the DOS is clear up and down the Fermi energy. The
gap in between is almost equal in both SOC and no-SOC calculations. Again DOS above the
Fermi Level broadens towards higher energies.

Fig. 7.17. Total DOS of Pb before relaxation without SOC (left) and with SOC (right) and with three

different He interstitials; octahedral (black line), substitutional (red) and tetrahedral (green). Blue line
stands for the pure fcc Pb DOS.

7.4.5 Bader analysis

The properties of chemicals and materials are often described in terms of charge transfer
between atoms and the presence of ionic charges or electric multipoles on atoms or molecules.
Accurately describing these complex interactions is difficult, but it can also be challenging to
rationalize the calculated energetics. One powerful technique for doing this is to decompose
properties of the molecule or material into contributions from the individual atoms. Bader
suggested an elegant way to do this partitioning (Bader 1990). His idea was to use the charge
density to divide space within molecular systems into atomic (Bader) volumes.
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Bader analysis (Henkelman 2006, Sanville 2007, Tang 2009) uses what are called zero flux
surfaces to divide atoms. A zero flux surface is a 2-D surface on which the charge density is a
minimum perpendicular to the surface. Typically in molecular systems, the charge density
reaches a minimum between atoms and this is a natural place to separate atoms from each other.
Besides being an intuitive scheme for visualizing atoms in molecules, Bader's definition is often
useful for charge analysis. For example, the charge enclosed within the Bader volume is a good
approximation to the total electronic charge of an atom. The charge distribution can be used to
determine multipole moments of interacting atoms or molecules. Bader's analysis has also been
used to define the hardness of atoms, which can be used to quantify the cost of removing charge
from an atom.

Fig. 7.18. Dividing surfaces separating the oxygen and hydrogen Bader regions in a water molecule. The

integration over the Bader regions indicates that 0.58 e are transferred from each hydrogen atom to the
oxygen atom (taken from (Henkelman 2006)).

We have used a program for doing Bader's analysis on a charge density grid. The program
[http://theory.cm.utexas.edu/bader/] can read in charge densities in the VASP CHGCAR format,
(also the Gaussian CUBE format). The program outputs the total charge associated with each
atom, and the zero flux surfaces defining the Bader volumes.
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Fig. 7.19. He charge inside Li (left) and Pb (right) after relaxation calculated using Bader analysis.

Dashed lines are just guide to the eye.

For Li-He (Fig.7.19 left), the Bader analysis after relaxation gives the same results that those of
the unrelaxed system, while some small charge transfer was observed from raw data. Total
charge around the He atoms is lower for the substitutional case (as well as in section 7.4.2) and
almost equal in the octahedral and tetrahedral interstitials.
Now, for the Pb-He system (Fig 7.19 right), the results after and before relaxation are different
(note that for Li-He the results were almost the same). Total charge around He atom is slightly
lower in the substitutional case and approximately the same for octahedral and tetrahedral
positions. During relaxation the value of this charge diminishes in 0.14 for the tetrahedral
interstitial and 0.03 for the octahedral.

7.4.6 Charge Visualization

Valence charge density distribution reveals the features of the atomic bonds (Pentcheva 2002).
Figure 7.20 shows the changes in the charge densities produced by the He octahedral and
tetrahedral defects in the relaxed and unrelaxed structures with magnetism, as well as in
unrelaxed structures without magnetism.
Vaspview does not give useful information if we just plot the output CHGCAR from Vasp.
However if we subtract the pure Pb charge to some Pb-He configuration we will observe some
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clear differences. For example in next figure we show this difference for Pb plus one He
tetrahedral interstitial. The lines represent contours of equivalent charge density.

Fig. 7.20. Schematic illustration of the difference in charge of pure Pb and Pb with an He interstitial in

tetrahedral position.

He atom in tetrahedral position inside a 3x3x3 Pb fcc cell. "contour plot" after subtraction of
pure Pb CHGCAR. View along [111] plane, with vectors [1 -1 0] and [1 1 -2] parallel to (1 1 1)
plane (and perpendicular to the [1 1 1] axis, and hence between them. Red and blue represent
increase and decrease of charge with respect to green color that would be zero in this cut.

Fig. 7.21. Schematic illustration of the difference in charge of pure Pb and Pb with a He interstitial in

tetrahedral position. Yellow color represent the s “orbitals”.
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All the reported results up to now manifest how helium substantially perturbs the electrons of a
host metal and also can distort its lattice.
Polarizability, usually denoted as α0, is the measure of the change in a molecule's electron
distribution in response to an applied electric field. Polarizabilities determine the dynamical
response of a bound system to external fields. Hence we can understand the different charge
transfer described before in terms of this property. As we can see in Table 7.IV, the Li
polarizability is much higher than that of Pb (about 3 times) what could explain the different
charge transfer observed in both cases. In fact, charge transfer in Pb+He system is about a 25 %
(See Section 7.4.2) significant but less important than in Li+He system where charge transfer is
around 60 %.

α0 (a.u.)

Total charge

Effective charge

rs

Atomic diameter

(Unrelaxed)

(2)

(1)

(Å) (2)

Li

0.253

?

3.28

?

164

Pb

8.605

4.0

3.24

3.48

47

He

1.7(7)

1.7

?

2.70

1.38

Element

Table 7.IV. Total charge of He and host metals according to this work. (2) Some relevant data: effective

charge (Shpil’rain 2007), polarizability, α0, (Mitroy 2010). (1) electronic density, rs, (Zaremba 1977).

7.4.7 Forces

The main purpose of this work is to give a representative atomic-scale description of the phenomena
induced by the presence of helium atoms on the surrounding host lattice and to calculate the forces
between both Li and Pb with He. We have calculated the forces created by the introduction of a He
atom inside a Li and Pb cell, as mentioned above, in the three more simple configurations. Other
possibilities are shown in figure 7.22 for a bcc lattice. The work could be continued in that direction.
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Fig. 7.22. Schematic illustration of the (a) <100> dumbbell, (b) <110> dumbbell, (c) <111> dumbbell and

(d) <111> crowdion, in a bcc CS.

The details of force matching method will not be reproduced here and can be found in the
original paper of Ercolessi and Adams (Ercolessi 1994) and in many others (Li 2003). A
detailed explanation of the errors in the different fitting methods can be found in (Fellinger
2010). In next figure we show an example of force fitting taken from (Izvekov 2004).

Fig. 7.23. Example of force fitting taken from (Izvekov 2004); intramolecular component of the HH

effective force field (solid line) and least-squares fit using a cubic polynomial (dashed line).

This is intended as a means to properly compute the Kanzaki forces (Kanzaki 1957, Simonelli
1994) and the defect formation volumes. When applied to some perfect harmonic forces,
Kanzaki forces produce the same displacements as the defect, so that they can be thought to
represent the forces with which the defect interacts with its neighboring atoms. For us, they will
allow a better fit of the interatomic potentials for Li-He and Pb-He that is the ultimate aim of
our work.
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7.5 Conclusion

To summarize, we have determined some elementary properties of He in Pb and Li by ab initio
calculations. The most stable configuration for He in interstitial configuration is the
substitutional one both in fcc Pb and bcc Li. For lithium both tetrahedral and octahedral
interstitial are similar energetically. For Pb the octahedral position is slightly favoured. Our
spin-orbit coupling calculations suggest that the magnetism in fcc Pb affects the formation
energy of He interstitials but does not alter their relative stabilities. Charge transfer and
hybridization effects are being carefully examined.

SOC calculations are important because relativistic effects are necessary to explain the fcc
structure of Pb. Indeed, a non-relativistic simulation predicts that Pb is more stable in the
diamond structure than in the fcc structure (Christensen 1986). However SOC simulations are
much more expensive from a computational point of view and some further calculations
(relaxation of Pb+He systems) are still necessary before draw our conclusions and publish the
results.

The simulations presented in this chapter are the first step to develop a ternary interatomic
potential for LiPb+He classical molecular dynamics simulations. He interaction with both Li
and Pb will be mainly repulsive as expected. However taking into account spin orbit coupling in
the Pb simulations could give a different set of forces leading ultimately to a different potential.
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Appendix 1

Exploring the limits of classical molecular dynamics.
Liquid Li and Pb under high pressure

This Appendix is a continuation of the Li and Pb EAM potentials validation. In Chapter
IV we presented the results of our simulation of liquid Li and Pb under normal conditions. Here
we will present a study of the suitability and limits of application of EAM potentials for the
simulation of liquid metals under high pressures. The main results were presented in the “New
insights on metals under extreme conditions” International Congress, in Paris on December 13th
to 15th of 2012.

A1 Introduction

Materials at high pressures occur at the centers of planets and in stars and in both natural and
man-made explosions. In fact, liquid metals like iron (at high pressures) has significant
importance in geophysics, being the main constituent of Earth’s liquid core (Shen 2004) and
many other terrestrial planet cores. Recent investigations (Yoder 2003) indicate that the Martian
core could be also entirely liquid. Silicate melts and glasses under pressure are of geological
interest for understanding physical and thermo-dynamic behaviours of magmatic liquids under
the Earth’s crust and mantle (Matsui 2003).
High pressures may also be applied to small laboratory samples in a controlled manner using
devices such as the diamond anvil cell (DAC). The static pressure applied in a DAC is a
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continuously variable parameter which can be used for systematic studies of the properties of
solids as a function of the interatomic distances (Holzapfel 1996).
We pause to mention some facts about Li and Pb pertinent to this study. Li, as well as all alkali
metals, was considered in the past a “simple” metal and its electronic properties well described
by the nearly free electron (NFE) model. Lithium adopts the body centered cubic (bcc) form at
ambient conditions. The first high-pressure phases for alkali metals are known to have the facecentered cubic (fcc) structure (Olinger 1983). At still higher pressures, they possess complex
crystal structures, unexpected for elemental solids (Xie 2008). Lead is also highly compressible,
and should, therefore, exhibit phenomena that for other substances are typically seen at higher P.
A transition to the hcp structure occurs at 14 GPa and a further transition to the bcc structure is
observed around 110 GPa ((Mujica 2003) and references therein).

Fig. A1. Fermi surface of bcc lithium at (a) equilibrium and (b) P=8 GPa and fcc at (c) P=30 GPa. Taken

from ref (Rodriguez 2006).

The bcc→fcc transition in alkali metals has been attributed to s→d electrons transfer for K, Rb,
and Cs, and s→p electrons transfer for Li (Rodriguez 2006). The spheroidal Fermi surface at
equilibrium becomes increasingly distorted under pressure and at 8 GPa, corresponding to the
experimentally observed bcc-fcc transition, contacts the Brillouin zone boundary at the bcc ΓN
point. At 30 GPa the Fermi surface shows increasing necks along ΓL and, develops an extended
nesting along several directions, which becomes the origin of profound modifications on its
physical properties (Rodriguez 2006).
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A2 Computational details
MD methods have been extensively exploited to obtain static and dynamic properties of simple
liquid metals. The accuracy of the classical MD simulations relies on the ability of the model
used in these simulations to reproduce either experimental data or the results of ab initio
calculations. The embedded atom model (EAM) potential (Daw 1883, Foiles 1985) has often
been found to successfully describe the thermodynamics and transport properties of liquid
metals in several works (Foiles 1985, Bogicevic 1997) to name a few. However, the limitations
of the EAM potentials are well known: it works best for purely metallic systems with no
directional bonding; it does not treat covalency or significant charge transfer; and it does not
handle Fermi-surface effects (Daw 1993).
The MD study reported here attempts to validate two interatomic potentials for metals like Pb or
Li under high pressures. We test Pb and Li EAM potentials existing in the literature
(Belaschenko 2009, Zhou 2001). Previously both potentials have shown to describe fairly well
both liquid metals under normal conditions (see Chapter 4 and Ref. (Fraile 2013) for details).
As explained before, MD simulations were carried out using the parallel code LAMMPS
(Plimpton 1995). The integration time step Δt used for the heating and equilibrating phases was
10-4 ps. In the production phase we used a Δt of 10-5 ps and we always tested in both cases a
proper convergence. Average length of simulation time in production stage (equilibrium) was
around 50 ps. In this work, NPT (constant number of particles together with constant pressure
and temperature) simulations were performed. Periodic boundary conditions were applied. To
obtain a desired average pressure P and temperature T, the Hoover algorithm was used to form
the Nosé-Hoover thermostat and barostat for the equations of motion (Martyna 1992). Langevin
(dissipative) dynamics has been used as well and results are found to be almost identical for
liquids. See Chapter 3 for further details.

A3 Results; Validation of the Li and Pb EAM potentials

A solid model interatomic potential for MD simulations (EAM -type in our present case) must
be able to provide a good representation of dynamics, thermodynamics and structural properties
of the target material under conditions relevant for technology.
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Size effects have been checked. Simulations results are exactly the same with 2,000 atoms and
16,000 atoms. From the output volume at different final pressures bulk modulus can be easily
calculated. The bulk modulus, B, can be formally defined by the equation:

B  V

P
V

(A.1)

where P is pressure, V is volume, and ∂P/∂V denotes the partial derivative of pressure with
respect to volume. The inverse of the bulk modulus gives a substance's compressibility, χT, i.e.
(χT = -1/V)(∂V/∂P).
We have carried our several MD simulations at different pressures. The system has been
carefully equilibrated at 300 K and pressure ranging from 0 to 10 GPa.

Pb
Li

Experimental ( 300 K)
B
B’
44.8
4.87-5.74
11.2
3.62

MD
Heating
49.2
24.4

Cooling
39.5
11.6

Table A.I. Experimental bulk modulus (Ashcroft 1976), B, (in GPa) and its derivative, B’, and MD

results using Pb and Li EAM potentials described above (T = 300 K).

According to Olinger (Olinger 1983) the bulk modulus reported in (Swenson 1966) was
calculated from piston displacement measurements up to 2.0 GPa. They found that Lithium bulk
modulus and its pressure derivative are 11.2 GPa and 3.60. Therefore we have calculated B
applying pressures up to 2 GPa. In fact a non linear behavior is found in volume when applying
higher pressures, both in Li and in Pb.
The heating result for Pb agrees well with the experimental value while the cooling result
underestimates the value. The structure of Pb in our cooling simulations is not anymore an fcc
structure but some disordered one. For lithium, our result in bcc phase (heating) is wrong, being
more than twice the correct value. The result for Li in amorphous phase (cooling result) agrees
well with the experimental result. It has to be taken in mind that the Li potential was developed
to simulate liquid lithium and is not expected to work well in solid-crystal simulations. In the
best case it could work to simulate amorphous lithium [Belaschenko private communication].
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A3.1 Bulk modulus in liquid phase

We have found sound speed data for liquid lithium in (Yokoyama 2001). In a fluid, the bulk
modulus, B, and the density, ρ, determine the speed of sound, c, (pressure waves), according to
the Newton-Laplace formula

c

B

(A.2)



Solids can also sustain transverse waves: for these materials one additional elastic modulus, for
example, the shear modulus is needed to determine wave speeds. We have used Eq. (A2) to
calculate bulk modulus and compare with the results of our MD simulations. Pb data has been
taken from (Mustafin 1983). Main results are summarized in next figure.
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Fig.A2: Bulk modulus for liquid Li and Pb at different temperatures. The experimental values of Pb are

taken from (Mustafin 1983). Li experimental values have been calculated from (Yokohama 2001) using
Eq (A.2).

As can be seen in Fig A2, our Pb results match fairly well the experimental data. However the
Li MD results show an anomaly at low temperature (800 to 1100 K) whose origin is not yet
clear.
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A3.2. Structural properties

Liquid structures are defined by means of the pair distribution function, g(r), and/or the total
structure factor S(q). The relation between both quantities is the Fourier Transform (g(r)  TF
 S(q) and vice versa). Details can be found elsewhere (Waseda 1980). Our calculations of Li

and Pb pair distribution function, g(r), using the EAM potentials under normal conditions, have
proved to be in very good agreement with experiment (see Chapter 4).
Here we compared the calculated g(r)’s at different pressures and temperatures, with available
ab initio calculations. As far as we are concerned no experimental results have been published.

T = 1800 K

0 GPa
1 GPa
5 GPa

4

g(r)

3

Pb
2

1

Li
0
1

2

3

4

5

6

Temperature (K)

Fig. A3. Lithium and lead (shifted 2 units upwards) g(r) at different pressures (0, black squares, 1 GPa

red circles, 5 GPa green triangles) at T = 1800 K.

Figure A3 shows the Li and Pb at different pressures. The smooth radial distribution functions
shown in Fig. A3 are characteristic of a liquid state. As the pressure increases, the g(r) peaks
become more distinctly separated, indicating increase of a structuring in liquid, more clearly in
Li than in Pb.
However, the position of the first peak moves to lower r while in the recent work of Yang et al
(Yang 2010) the shape of the RDF does not change up to 10 GPa, indicating uniform
compression at low pressure. In their simulations at higher pressures the first peak broadens and
the height decreases slightly, a feature not observed in our Li simulations.
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Next figures show pair distribution functions for Li and Pb. For Li we can compare with ab
initio calculations up to 20 GPa. The results are similar for pressure up to 5 GPa but quite
different for 20 GPa as can be seen in Fig. A4.

MD (EAM)
Ab Initio

6

800K, 20 GPa

g(r)
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0
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3

4

5

r (A)

Fig. A4. Lithium g(r) at high pressures and high temperatures as labelled. Red line represents the same

result from ab inito calculations taken from Yang et al (Yang 2010).

For Pb we have not found low pressure g(r) experimental or ab initio data. In the ab initio
calculations of (Cricchio 2006) high temperature and high pressure is reported.

6
3363 K, 88 GPa
4024 K, 90 GPa
4592 K, 92 GPa
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Fig. A5. Lead g(r) at very high pressures and high temperatures as labelled. Symbols are our MD data and

lines represent the same result from ab inito calculations (Cricchio 2006).
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In next figure we show our MD results confronted to the g(r) curves reported in (Cricchio
2006). The structure in our simulations seems to be similar but denser than the ab initio
calculations as can be deduced from the shifting of the first peak to lower radius.

A3.4. Uniform compression model

In next figure we examine the classical theory of liquid metals as proposed in (Waseda 1980).
According to Waseda an increase of k2/k1 ratio (or r2/r1) indicates that a liquid is no longer a
simple isotropic liquid but that the local structural environment is becoming more anisotropic.
Linear fit values in fig. A6 are: A = 1.94 and B = -0.00334 for Pb (T = 1800 K) and A = 1.961
and B = 0.00062 for Lithium (T = 1700 K). This result agrees with the first principles studies of
(Yang 2010). In their work they show that below 30 GPa the ratio k2/k1 is nearly constant
(~1.90), close to the value of 1.86 expected for a simple liquid metal (Waseda 1980) where the
local potential interaction is isotropic (Hansen 1986). If the ratio k2/k1 is constant then the same
can be said of the r2/r1 ratio that is the result we show in Fig. 5.

2,2
Pb T = 1800 K
Li T = 1700 K

Ideal H-S R2/R1 = 1.91
2,1
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25

30

35

40

Pressure (GPa)

Fig. A6. r2/r1 ratio for liquid Pb and Li at different temperatures (Pb 1800 K, black circles and Li 1700 K

red triangles) and pressures up to 40 GPa (Dashed blue lines are linear fits).

Experimental measurements have revealed that compressions of liquid alkali metals are almost
uniform, whereas those of liquids that have covalent components in bonding are mostly
anisotropic (Waseda 1980). For covalent liquids, the volume dependence of the nearest-

236

neighbour distance deviates from (V/V0)1/3 behaviour (V being the molar volume and V0 being
the molar volume at zero pressure) and changes in coordination play important roles. In some
elements, different types of volume dependence of the nearest neighbour distances are observed
in different pressure ranges.
Uniform compression is observed in simple metallic liquids (alkali metals). Various degrees of
deviation of r1 from the uniform compression model are observed in not-simple liquid metals.
Compression of the low dimensional structures is mainly due to closer packing of the structural
units.
Next figures shows r1/r1(0) for Li and Pb. If the liquid is compressed uniformly, r1/r1(0) follows a
relation of r1/r1(0) = (V/V0)1/3. The relation is indicated by a blue dashed line in both figures.
Applied pressure ranges from 0 to 60 GPa. Li follows the uniform compression model up to 20
GPa (around twice its bulk modulus). Interestingly Pb departs from uniform compression at low
pressures, 5 GPa at low temperature (1000 K) and 20 GPa for high temperatures (1800 K).
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Fig. A7. Volume dependence of nearest-neighbour distance, r1, for liquid Li (full symbols) and Pb (open

symbols). Volume, V, and r1 are normalized by values at atmospheric pressure, V0 and r1(0), respectively,
and (r1/r1(0)) is plotted as a function of (V/V0)1/3.

While the liquid structure of many metallic elements is described by a simple hard-sphere-like
structure with coordination number of 9–11, that of some metallic elements shows deviations
from the simple structure. Elements that have covalent bonds and open-packed crystalline
structures, such as three-dimensional network (group IV elements), layer (group V) and chain
(group VI) structures, melt into liquids that are characterized by low coordination numbers.
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Covalent characters in the bonding remain in the liquid state for those elements. In fact, these
liquids are poor metals or semiconductors.
Further increase of pressure often induces a structural phase transition. In general, elements that
have open-packed crystalline structure transform toward dense-packed structure through
successive pressure-induced phase transitions: coordination number, CN, increases at the
transitions. For example, Si transforms from diamond structure (CN = 4) to the β-tin structure
(CN = 6), orthorhombic phase (CN = 6), simple hexagonal structure (CN = 8), orthorhombic
phase (CN = 10, 11), hexagonal close-packed structure (CN = 12) and face-centred cubic
structure (CN = 12), see for example (Yao 2012) and references therein.
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Fig. A8. Maximum and minimum coordination number (CN) of lithium atoms at high pressures (T =

1000 K) compared to ab initio calculations (Yang 2010).

The electronic structure also changes under pressure and a non-metal to metal transition usually
takes place. Not only covalent solids, but also some metallic elements, exhibit pressure-induced
structural transitions. In exceptional cases, a decrease of the coordination number is observed in
a high-pressure phase [30]. Figure A.8 show the CNA analysis of our MD simulations
compared to the ab initio calculations taken from (Yang 2010).

As has been anticipated in the introduction, both Li and Pb present several phase transitions
under high pressure. Here we present some simple tests in order to check the ability of both
potentials to “see” that phase transitions. The system is equilibrated at a certain temperature and
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then pressure is increased in several steps, with enough time to allow the system reach
equilibrium. Needless to say, this is not a thoroughly study of phase transitions. However, the
main result, roughly, is that, in both cases, the system orders in the expected crystal structure at
high pressures.

A3.5. Liquids under high pressure

Alkali metals are usually considered as simple metals because of the simple electronic structure
with just one conduction electron outside the closed-shell configurations. The NFE model is
known to be a good approximation to describe their electronic properties due to the weak
interaction between valence electrons and ionic core under ambient conditions. However, under
high pressure, the NFE description of alkali metals fails as evidenced by the complex sequence
of phase transitions (Xie 2008). Lithium presents a structural phase transition (from bcc to fcc
lattice) at high pressures (Olinger 1983), exactly at 7.5 GPa. The other alkali metals having the
bcc structure at low pressure transform to an fcc modification, Na at 65 GPa, K at 11.5 GPa, Rb
at 7 GPa, and Cs at 2.3 GPa, respectively ((Xie 2008) and references therein).

To analyse the liquid structure we can make use of the common neighbour analysis (CNA)
method (Honeycutt 1987, Cleveland 1999). The CNA algorithm performs a simple geometric
analysis of the first shell of nearest neighbours around a reference atom. One by one, the
arrangement of atoms within a certain distance between itself and one of its nearest neighbours
is analysed. The number of next neighbours and the arrangement of the common neighbours
with each of them can then be compared with the situation in perfect crystal structures. This
method is implemented in OVITO (Stukowsky 2008). For an extension of the CAN method to
binary system see (Lümmen 2007).

Pb crystallizes in the fcc structure under normal conditions. A first transition to the hcp structure
is observed at 14 GPa (Takahashi 1969). At about 110 GPa a further transition to the bcc
structure is observed (Vanderborgh 1989, Mao 1990). In both cases the volume reduction is
very small and there is a large region of phase coexistence, consistent with a very small
enthalpy difference between the phases over a large pressure interval.
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In Figure A9 we present the CNA analysis at 2000 K vs pressures for Li and Pb (MD cooling
runs and N = 5000 atoms). A clear jump in the number of atoms in an fcc structure takes place
around 7 GPa, as expected. Regarding the Pb CNA analysis does not show a clear change from
fcc to hcp order at low pressure. It has to be noted that the fcc and hcp CS differ only in the
third and next NN and, for Pb, the energies are very similar. Some ordering to a bcc structure
takes place around 100 GPa.

Fig. A9. Left) Li CNA analysis at 2000 K vs pressures. A clear jump in the number of atoms in an fcc

structure takes place around 7 GPa, as expected. Right) Pb CNA analysis at 2000 K vs pressures. Some
ordering to a bcc structure takes place around 100 GPa.

The results presented in Figure A9 are not definitive. Size effect has been checked and the CAN
results are size dependent (See Fig A10). In both simulations the number of atoms is around
120000. However the main result about lithium remains. At high pressures, our liquid lithium
becomes a mixture of nanocrystals with different crystal structures (see Fig. A10 (left)), what
explain the CNA graphics shown above. For Pb the ordering to a high pressure bcc phase is not
clear if the simulation is big enough (see Fig A10 (right)).
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Fig. A10. Left) Li CNA visualization at 2000 K and P = 20 GPa. (N = 120000 Atoms). Green spheres

correspond to fcc atoms, red ones to hcp, blue to bcc and white to others. Right) Pb under pressure (P =
200 GPa and T = 2000 K) visualization of CNA.

A3.6. Thermodynamics

Thermodynamic properties under high pressure are, in general, difficult to measure. We pay
attention in this section to the prediction by both potentials of the melting temperature change
with applied pressure of Li and Pb and we will compare with experimental and or theoretical
predictions.

A3.6.1 Melting point

Melting point changes in general when applying pressure. But most of the interatomic potentials
are not developed to study materials under high pressures. Changes in melting point and phase
transitions are due to rearrangement or changes of electronic structures so one should not expect
to simulate correctly this kind of behaviour with simple interatomic potentials.
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Melting point of metals under high pressure has been studied by ab initio methods (Mujica
2003, Yang 2010) and also in CMD simulations (Belonoshko 2000). Every technique has its
own limitations and drawbacks, for example because of the mentioned sequence of phase
transitions. In our previous work (See Chapter 4) we made use of the Hamiltonian switching
method (Ciccotti & Hoover 1986) to calculate the melting point of Li and Pb with fairly good
agreement with experimental values (Fraile 2012). However that technique presents a number of
difficulties for high pressure calculations. Here we have tested both Li and Pb potentials just
doing a simple estimation of melting point from jump in enthalpy (and or volume) in MD runs.
In figure A11 we present the MD runs for Pb at different pressures applied from the beginning
of the simulation, starting from an fcc perfect lattice.

Fig. A11. Low (left) and high (right) pressure heating-cooling Pb MD simulations: Enthalpy vs

temperature at different pressures as labelled.

Enthalpy first decreases (in absolute value) with pressure up to 20 GPA and then increases when
we apply higher pressures.
The jump overestimates the melting point as expected, but interestingly the melting temperature
vs pressure slope, dTm/dP, (see Fig. A.13) is very close to the experimental one (Cricchio 2006).
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Fig. A12. Low pressure Pb MD simulations. Pb volume versus temperature at different pressures. Clearly

the jump in volume decreases when pressure is applied.

Same method was tempted for lithium but the melting was not as clear as in Pb at pressures
higher than 10 GPa. Inset in Figure A.13 shows the results at low pressure for Li.
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Fig. A13. Pb and Li (inset) melting point estimated from MD runs (red circles) compared with

experimental values (black squares) at different pressures; from 0 to 5 GPa for Li and up to 80 GPa for
Pb. Blue line stands for the Lindemann predictions for Pb (Errandonea 2010) and Li (Kraut 1996).

For lead, the change in melting point is about 36 K/GPa, pressures ranging from 0 to 80 GPa.
For Li the experimental value is around 18 K/Gpa but only from 0 to 3 GPa. At higher pressures
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Li behaviour is complex and melting points decreases with pressure showing a minimum around
65 GPa according to ab initio calculations (Tamblyn 2008). But experimental confirmation is
not yet available. Our simulations overestimate the value of dTm/dP for lithium giving a value of
50 K/GPa. Nevertheless our heating-cooling simulations again show some kind of transition
around 7-8 GPa as observed in the experiment and reported above. For lead the MD results are
better.
The melting temperature as a function of pressure can be roughly estimated using the
Lindemann law (Lindemann 1910). The validity of the Lindemann law to estimate the melting
curve of different metals has been discussed (Errandonea 2010). As can be seen in Fig. 11the
Lindemann law remains valid for Pb only up to 5-10 GPa. For Li the estimation following
(Kraut 1966) seems to be valid at low pressures (P < 4 GPa).

A4 Conclusions

At high temperatures and pressures, thermal excitation of collectivized and internal ionic core
electrons can occur, and a contribution to energy (and pressure) not related to the interparticle
potential can appear. The main difficulty of using the EAM method for liquid metals simulation
under extreme conditions is uncertainty about the electronic contribution to heat capacity at a
high temperature. This uncertainty is especially large for highly compressible alkali metals
because of unclear role of electron heat capacity [D. Belaschenko private communication]. Also
important, at high pressure, the overlap between diffuse Li 2p orbitals become progressively
stronger (Yang 2010) so CMD is not expected to correctly describe the system anymore.

An interesting result is found regarding bulk modulus of liquid Li (see figure A2). The origin of
the anomaly observed in the calculated values is not clear. It has to be noted that liquids can
exist in two qualitatively different states: “rigid” and “nonrigid” liquids as recently proposed by
Brazhkin and coworkers (Brazhkin 2012). They call the division line the “Frenkel line”.
Crossing this line qualitative changes in the temperature dependencies of sound velocity,
diffusion, viscous flow and many others are found.
As far as we are concerned this Frenkel line has not been calculated for lithium (or lead) yet.
However, regarding liquid Li, what have been already reported are the two relaxation processes,
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fast and low, present in the liquid according to diffraction experiments (Scopigno 2000). The
effect of these two modes in the bulk modulus of liquid lithium is not clear at present. Work is
in progress to fully clarify this point.

However, classical Molecular Dynamics simulations via EAM potentials have showed to be a
powerful tool to simulate and understand liquid metals, in our particular case, lead and lithium.
Our results prove the validity of these potentials and provide useful structural and
thermodynamic data under high pressures (up to 5 or 10 GPa). Reported figures are in
agreement with experimental results available in the literature up to certain limits. In addition,
our work represents a base methodology for the extrapolation of liquid Pb and Li properties into
regions of temperature and pressures where direct experimental measurements either do not
exist, or are not accessible.

In general, both potentials are realistic up to pressures around half the bulk modulus of the solid
material. Structural properties can be well modeled with EAM potentials. Thermodynamic
properties are much more difficult to match. For a realistic study of liquid under pressure ZBL
modification (Ziegler 1985) of short range part of pair potentials is strongly encouraged as
anticipated in Chapter 3.7.
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Dear Prof. Dyson
[…. ….]
What approach do you think is more intelligent and elegant? Magnetic confinement or
inertial?
Do you think that ITER is a waste of money and time?
What about NIF?
What do you think about cold fusion?
Thank you very much in advance
Best regards
Alberto Fraile

Dear Alberto,
[……]
I do not know much about plasma physics but I have some strong opinions. Your
questions are easy to answer.
1. Both magnetic and inertial confinement are intelligent and elegant, considered as
scientific problems. Neither is likely to be an economic source of energy. It is far
too soon to make a choice for one or the other.
2. ITER is a huge waste of money and time.
3. NIF is even worse. NIF is just a welfare program for the Livermore laboratory.
4. Cold fusion is nonsense.
General remark. The fusion programs in all countries made a fundamental mistake
when they stopped doing science and started doing large-scale engineering projects. As a result,
we have only big projects which are not likely to be useful. To develop economic fusion power,
we need new ideas which can only come from new science.
We need small-scale scientific experiments in many different directions to explore the science
of plasma physics. Science must come first, engineering later.
Yours sincerely, Freeman Dyson
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